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ABSTRACT

Resolution of both the extent and mechanism of lateral heterogeneity in the upper
mande constrains the nature and scales of mantle convection. Oceanic regions are of
particular interest as they are likely to provide our closest glimpse at the patterns of
temperature anomalies and convective flow in the upper mantle because of their young
age and simple crustal structure relative to continental regions. Our objectives in this
thesis are to determine lateral variations in the seismic velocity and attenuation structure
of the lithosphere and asthenosphere beneath the oceans, and to combine these
seismological observations with the data and theory of geoid and bathymetry anomalies
in order to test and improve current models for seafloor spreading and mantle
convection. We concentrate on determining variations in mantle properties on a scale of
about 1000 km, comparable to the thickness of the upper mantle. Seismic velocity,

geoid, and bathymetry anomalies are all sensitive to variations in upper mande density,
and we formulate inversions to combine quantitatively these different data and search for

a common origin. Variations in mande density can be either of thermal or compositional
origin and are presumably related to mantle convection and differentiation.

By means of a large data base of digital seismograms and waveform cross-
correlation and spectral ratio techniques, we have measured SS-S differential travel time
residuals and differential attenuation in order to determine lateral variations in upper

mantle structure beneath the Mid-Adantic Ridge and East Pacific Rise. Differential
travel times of such phases as SS and S with identical source and receiver have the
advantage that residuals are likely to be dominated by contributions from the upper
mantle near the surface bounce point of the reflected phase (SS). Under this assumption,
differential SS-S travel time residuals are mapped at the SS bounce points as a means of
delineating lateral variations in mantle structure. After removing the signature of
lithosphere age, we fred evidence for long-wavelength variations in SS-S residuals along
the Mid-Atlantic Ridge. The dominant wavelength of these variations is 1000 to 2000
kin. These travel time anomalies correlate qualitatively with along-axis variations in

bathymetry and geoid height. We formulate a joint inversion of travel time residual,



geoid height, and bathymetry under the assumption that all arise from variations in upper
mantle temperatureor bulk composition (paramcterizcdinterms of Mg#). The inversion

employs geoid and topography kernelswhich depend on the mantle viscositystructure.

Inversionfortemperatureperturbationsalone provides good fitstotravelgrnc and geoid
dam. The fittotopography,which islikelydominated by unmodcled crustalthickness

variations,isnot as good. The inversionsfortemperaturefavorthe presence of a thin

low viscositylayerin theupper mantle and temperatureperturbationsconcentratedat

depths lessthan 300 krn. Compositional variationsalone arc unable to match thetravel

tirncand geoid or bathymetry datasimultaneously.A jointinversionfortemperature

and composition provides good fitstoboth gcoid and traveltime anomalies.

Temperature variationsare± 50 K and compositionalvariationsare± 0.:5-3% Mg# for

models with the temperautrevariationsuniformly distributedover the uppermost 300 km

and the compositional variationseitherdistributeduniformly over the same intervalor

concenwated atshallowerdepths. The magnitudes of thesevariationsarcconsistentwith

thechemistry and geothermomctry of dredged pcridotitesalong the Mid-Atlantic Ridge.

Differentialtraveltimes of SS-S pairsin theeastcentralPacificshow several
differencesfrom the north Atlantic.The most obvious differenceisthatthe traveltime

residualsarc significantlylargerthanin theAtlantic,even ata fLxcdage. The traveltime

-age relationisweaker inthe Pacific,although thismay bc partiallyattributableto the

factthatwe have not sampled a largerange of plateages in theeasternPacific.In the

Atlanticour resultsarc not consistentwith the presence of a simple patternof azimuthal

anisotropy,while inthe Pacificthedam are consistentwith thepresence of weak

anisotropyin the upper mantle. Ithas been suggestedthatanisotropymay bc more

pronounced atfastspreadingratesthan atslow spreadingratesboth inthe lithosphere
(due to a ram dependence of the mechanism fororientingolivinecrystalsinthe

lithosphere)and theasthenosphere (because the asthenosphcricflow beneath fastmoving

platesislikelyto taketheform of a progressivesimple shearwhich can induce a lattice

preferredorientationof olivinecrystals),and our resultsarcconsistentwith this

suggestion.There issubstantialambiguity inour anisotropymeasurements forthe
Pacific,however, due toa poor sampling of azimuths,so thatitisalsopossiblethat

lateralheterogeneityratherthan azimuthal anisotropyisproducing the observed

azimuthalpar_cm. Sampling ata more uniform distributionof azimuths should make this

resultlessambiguous, and as more seismicstationsaredeployed atnew geographic

locationsour chances of resolvingthisissuewillimprove.

Inversionof traveltime residuals,geoid,and bathymctry data forthe easternPacific

indicatesthatcompositional variationsalone are inadequateto match allof the data
simultaneously,similartoour resultsfor thenorth Atlantic.Temperature variations

alone, however, produce significant variance reduction. The inversion solutions indicate
excess temperautc¢ in the vicinity of the Galapagos hotspot in the range 50 - 150 K.
Further analysis is needed to determine the effects of subduction zone structure and

possible crustal thickening in the eastern Cocos plate region.

As a complement to thestudy of traveltimes,we have measured SS-S differential

attenuationin thenorthAtlanticregion. Mapping seismicQ in the upper mantle isan

importanttoolforassessingmechanisms of lateralheterogeneitybecause the attenuation

of seismicwaves issensitiveto variationsin temperatureand topartialmelting.

Differentialattenuationispositivelycorrelatedwith SS-S traveltime residual.Both

differentialattenuationand traveltime residualdecrease with increasingscafloorage.

The age dependence of SS-S traveltime residualcan b¢ explainedentirelyby thecooling

of theoceanic lithosphere,i.e.,contributionsfrom the asthenosphcr¢or from a mantle

melt fractionarc not required.On the assumption thatplatecooling alsodominates the
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variation of differential attenuation with age, we derive an empirical Q'l-temperaturc
relation for the oceanic lithosphere. The variation of Q=l with temperature that we derive

is noc as surongly dependent on temperature as that observed in laboratory studies.
Systematic long-wavelength (1000-6000 km) variations in upper mantle differential
attenuation are evident along the axis of the Mid-Atlantic Ridge. These variations
correlate approximately with long-wavelength variations in shear wave travel time
residuals and arc attributed to along-axis differences in upper mantle temperantre.

Thesis Supervisor: Scan C. Solomon
Title: Professor of Geophysics
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Chapter I

Introduction

It is important to measure lateral variations in the Earth's mantle because of the

key role of this information in the formulation and testing of theories of the interior

dynamics of the F.arth. The mande convection associatod with the escape of heat from the

Earth's interior gives rise to global tectonic activity, but the exact forms and scales of

convection and the interaction of convective processes with the lithosphere are still

controversial. Mid-ocean ridges are of particular interest as they are known to be sites of

upwelling and elevated temperatm_. The excess tempermm'es have expressions in the

seismic velocity and density fields. The focus of this study is to examine lateral

variations in upper mande properties near mid-ocean ridges on a scale of about 1000 krn,

comparable to the thickness of the upper mantle. The broad questions we seek to address

include the following: What are the variations in mantle convection at this scale? Are

they observable as anomalies in temperature-sensitive physical properties? Are such

differences in te_ manifested as differences in melt production and thus in the

chemislry of the mantle residuum? If so, are these compositional variations observable?

Learning about the large-scale structure of the Earth has become a

multidisciplinary effort. Consequendy in this thesis we adopt a multidisciplinary

approach to the problem of resolving lateral variations in mantle properties at the lO00-km

scale.Specificallywe combine seismicdatawithgcoid and bathyrnctryanomalies. Itis
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importantwhen combining thesedifferentdatatoconsiderdynamic effects,possible

compositionalvariations,and the spatialscalesof convection.

Seismology has made greatcontributionstotheresolutionof lateralvelocity

differencesinthemantle,and advances in techniquesand a steadyimprovement inthe

capabilitiesof globalseismicnetworks have greatlyincreasedour knowledge of the

Earth'sinterior.No longercan theEarth be treatedas a rigidbody possessingradial

symmetry; large lateral variations have been observed in the upper mantle as well as in the

crustfrom both regionaland globalstudies.Global tomographic models such as M84C

[Woodhouse and Dziewonsld, 1984] utilizelong-periodsurfacewaves todescribethe

Earth'supper mantle heterogeneityon a globalscale,up to sphericalharmonic degree and

order 8 (L= 5000 kin). In this thesis we seek to examine lateral variations on a somewhat

shorter scale (wavelengths of about 1000 to 5000 kin). To do this we make use of body

waves rather than surface waves, and rather than performing a global analysis we

concentrate on ocean ridge environments.

The body waves used in this study are direct and surface-reflected long-period S

waves. Differential travel times and attenuation are measured using SS and S wave pairs

from the same source and station. Much progress has been made in resolving upper

mantle heterogeneity through differential travel times [Sipkin and Jordan, 1976, 1980a;

Stark and Forsyth, 1983; Butler, 1979; Kuo et al., 1987; WoodWard and Masters, 1991].

Among the advantages of differential rather than absolute times is that source and receiver

effects are apla'oximately common to both phases and are thus largely eliminated by

differencing. If we assume that the lower mantle is relatively homogeneous and that the

portions of the wave paths in the upper mantle are steep, the differential travel time

anomaly is associated with upper mantle heterogeneity centered beneath the surface

bounce point of the reflected (SS) phase. This technique is thus well suited to the

investigation of horizontal variations in upper mantle su'ucture.
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Other data sensitive to variations in mantle prvperues at depth include oceanic

bathymetry and geoid height. Variations in mantle density can be either of thermal or

compositional origin and, like seismic velocity, arc presumably related to rnanfle

convection and differentiation. Gcoid (or gravity) and topography have becorr_ the most

comn_nly used tools for mapping out and constraining rnodcls of upper mantle

convection [e.g., Anderson et al., 1973, McKenzie and Bowin, 1976; McKenzie, 1977;

McKenzie eta/., 1980, Parsons and Daly, 1983; Buck and Parmemier, 1986; Craig and

McKenzie, 1986]. Several workers [Dziewon,vld eta/., 1977; Nakanishi and Anderson,

1984; Tanimoto and Anderson, 1984; Stark and Forsyth, 1983; Dziewonski, 1984; Kuo

eta/., 1987] have noted correlations of geoid and travel time (or velocity structure) at a

number of different wavelengths, although only a few [Hager et al., 1985; Hager and

Clayton, 1989; Haser and Richards, 1989] have combined observational seismology with

gcoid anomalies ina quantitativeand dynamicallyconsistentmanner.

Since very differentconvectiveflows can produce thesame gcoid and surface

topography,the inversionof thesedataaloneforthethermalor compositionalsource

functionisnonuniquc. Because thisinverseproblem isnot wellposed,most studies

have concentratedon forward modelling,i.e.,varyingtheparametersof a simplernodcl

until a good fit to the data is achieved. With this approach, there is no guarantee that the

set of parameters which give the best fit to the data is unique and that the correct solution

has been isolated. Including seismic data provides additional constraints which are

sufficient to aUow us to formulate simple one-dimensional inversions.

InChapter 2 we describea comprehensive studyof differentialtraveltimesin the

northAtlanticregion.We presentdetailsof themeasurement procedure we use toobtain

SS-S measurements from seismograms recorded by theGDSN network, as well as o_er

aspectsof thecollectionand reductionof these data. We examine therelationshipof these

mcasurerncntsto such factorsas seafloorage and upper mantle anisotropy,and we
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examine the correlation with geoid and bathymetry. We develop techniques for

quantitatively combining the observed travel time residuals with geoid and _thymetry

anomalies in a joint inversion for upper mantle thermal and compositional variations.

SirJ_.e the inversion includes dynamic geoid and topography kernels which depend upon a

given viscosity model, inversions can be carried out with a range of different viscosity

models in order to deter[nine which are the most consistent with the data. We invert

separately and joindy for distributions of thermal perturbations and compositional

variations which best produce the observed travel time, geoid, and bathymetry.

In Chapter 3 we examine differential attenuation between the phase pairs SS and

S, with SS bounce points in the north Atlantic, and we examine the possible relations

between Qs" ! and the temperature of the upper mantle. Earlier studies with body waves

suggest that the upper mantle beneath mid-ocean ridges should display a significantly

greater than average level of S-wave absorption [e.g., Molnar and Oliver, 1969;

So/omon, 1973]. We examine differential shear wave attenuation in the north Atlantic

and its variation with lithosphere age, and we utilize thermal models to interpret the

observations in terms of an empirical relation between differential attenuation and

temperature. This work is a complement to the study of SS-S differential travel times

presented in Chapter 2. The data show clear evidence for a decrease in Qs'I in the upper

mantle with increasing plate age. There are also systematic along-axis variations in

differential attenuation, and we address whether these variations might be the result of

along-axis differences in the characteristic temperature of the upper mantle, such as those

obtained from the inversions of travel time residuals, geoid, and bathymetry described in

Chapter 2.

In Chapter 4 we examine SS-S differential travel times, geoid, and bathymetry in

the region of the East Pacific Rise in the east-central Pacific. Comparision of the results

from the East Pacific Rise with those from the Mid-Atlantic Ridge provides us with the
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opportunity to compare and constrast upper mantle properties beneath fast and slow

spreading ridges. Several authors [e.g., Du_chenes and Solomon, 1977; Stark and

Forsyth, 1983; Zhang and Tanimoto, 1990b] have found that shear wave velocities in the

easm'n Pacific are significandy lower than those observed in either the Adantic or Indian

Oceans. In addition, the presence of anisotropy has been found to be more pronounced

in the Pacific upper mantle than in the Atlantic upper mantle [Montagner and Tanimoto,

1990], consistent with predictions of models of shear-induced alignment of olivine

crystals [McKenzie, 1979; Ribe, 1989].

In Chapter 5 we discuss some conclusions of this thesis relating to the

mechanisms of heterogeneity in the oceanic upper mantle. We raise several questions

generated by the analyses in this work. Finally, we suggest directions for future research

designed to help answer these questions. We feel that further application of the

techniques developed in this thesis will allow constraints to be placed on upper mantle

viscosity structure, the presence of partial melt, and the mechanisms of lateral

heterogeneity on both global and regional scales. These techniques will allow the theories

of mantle convection to be tested and sharpened with abundant and diverse data.



14

Chapter 2

Joint Inversion of Shear Wave Travel Time Residuals and Geoid

and Depth Anomalies for Long-Wavelength Variations in Upper

Mantle Temperature and Composition along the Mid-Atlantic

Ridge

INTRODUCTION

Seismic velocity and density of upper mantle material are expected to be functions

of temperature and composition. The delineation of long wavelength variations in these

physical properties thus provide important constraints on mantle convection, crust-mantle

differentiation, and mantle chemical heterogeneity. In this study we determine lateral

variationsinupper mantle te_ and cocnpositionalong theMid-AtlanticRidge

through the combined inversion of shear wave differential travel times, geoid height, and

bathymetric depth anomalies.

The advent of seismic tomography has led to a number of three-dimensional maps

of lateral variations in seismic velocity in the upper mantle, and several such models of the

north Atlantic region have been developed, both as parts of global studies [e.g.,

Woodhouse and Dziewons/d, 1984; Nakatdshi and Anderson, 1984; Tanimoto, 1990] and

through regional investigations of long-period surface waves [e.g., Honda and Talwnoto,

1987; Mocquet et al., 1989; Mocquet and Romanowicz, 1990]. With surface wave
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methods each wave samples the average vertical variation in upper mantle structure along

its path, but because of the long waveleng_s involved the inversion of phase or group

velocity from many paths tends to smooth out lateral variations. Body wave travel times

can provide independent information about upper mantle heterogeneity at potentially shorter

horizontal scales than surface waves can resolve, and progress has been made in the

determination of lateral heterogeneity in the north Atlantic through the use of both

differentialand absolutetraveltimesof body waves [Kuo etal.,1987; Grand, 1987,

1989].

The traveltimesused inthisstudy aredifferentialtimesof thebody wave phase

pairSS-S (Figure2.I).Differentialtraveltimes of shearwave pairsare well suitedtothe

study of upper mantle heterogeneity[Sipkinand Jordan, 19'76,1980a; Starkand Forsyth,

1983; Butler,1979; Kuo eta/.,1987; Woodward and Masters, 1991] and have the

advantage thatsourceand receivereffectsareapproximatelycommon to both phases and

arethuslargelyeliminatedby differencing.Under theassumption thatthelower mantle is

relativelyhomogeneous and thattheportionsof thewave pathsintheupper mantle are

steep,thedifferentialtraveltime anomaly can he associatedwith upper mantle structure

withina smailvolume centeredbeneath thesurfacebounce pointof thereflected(SS)

phase. This techniqueisthuswell suitedtotheinvestigationof horizontalvariationsin

structure, but the resolution of variations with depth is poor.

Oceanic bathymetry and geoid height data are sensitive to variations in mantle

density at depth. Such variations can be either thermal or compositional in origin and, like

seismic velocity, ate presumably related to mantle convection and differentiation. Geoid

(or gravity) and topography have beccxr_ the most commonly used tools for mapping out

and constraining models of upper mantle convection [e.g., Anderson et al., 1973,

McKenzie and Bowin, 1976; McKenzie, 1977; McKemie et al., 1980, Parsons and Daly,

1983; Buck and Parmentier, 1986; Craig and McKenzie, 1986]. In addition, measurement
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of the admittance (the spectral ratio of geoid to topography) has been widely utilized to

estimate the depth and mode of compensation of oceanic swells and plateaus [e.g., Watts et

al., 1985, Cazenave et al., 1988; Sandwell and MacKenzie, 1989; Sheehan and McNutt,

1989]. Several workers [D z_wonsk_ et al., 1977; Nakanishi and Anderson, 1984;

Tanimoto and Anderson, 1984; Stark and Forsyth, 1983; Dziewonsid, 1984; Kuo et aL,

1987] have noted correlations of geoid and travel time (or velocity su'ucture) at a number of

different wavelengths, although only a few [Hager et a/., 1985; Hager and Clayton, 1989;

Hager and Richarcls, 1989] have combined observational seismology with geoid anomalies

in a quantitative and dynamically consistent manner.

In this study we present the first formal inversion of geoid, depth, and travel time

anomaly data for lateral variations in upper mantle temperature and composition along the

Mid-Atlantic Ridge. Given a distribution of temperature or density perturbations in the

upper mantle, the forward problem of calculating differential travel time, geoid, and depth

anomalies is straightforward. This forward problem fot_ns the basis for a joint linear

inversion of these three types of observations under the assumption that all arise from

pararneterized long-wavelength variations in upper mantle temperature or composition.

Results of a set of inversions carried out under different assumptions regarding the depth

extent of lateral heterogeneity and the mantle viscosity structure are compared with other

constraints on variations in mantle te_ and degree of melt removal.

MEASUREMENT OF D_zRENTIAL TRAVEL TIMES

The seismic data used in this study consist of long-period S and SS phases

obtained from the Global Digital Seismic Network (GDSN) [Peterson eta/., 1976;

Peterson and Hut, 1982]; the Network of Autonomously Recording Seismographs

(NARS), a linear broadband array in western Europe [Nolet and Vlaar, 1982]; and several
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broadbandst_ionsfrom theglobalGEOSCOPEnetwork [Romaz_wicz et aL, 1984]. A

list of stations used in this study is presented in Table 2.1. We use only transversely

polarized (SH) seismograms (rotated from N-S and E-W components) to avoid interference

from the SKS phase and contamination from P-SV conversions at the base of the crust and

other near-surface discontinuities. Recent work by Gee andlordan [ 1989] suggests that

travel times depend on the frequency band used in the analysis. In order to maintain a self-

consistent data set for our study, additional processing is applied to data from the NARS

and GEOSCOPE arrays in order to mimic the insmuncnt response of the longer period

GDSN stations. This processing allows us to measure travel times from a set of

seismograms that all have essentially the same frequency response. Data from the NARS

and GEOSCOPE arrays are decimated (with a low-pass anrialiasing filter) to a common

sampling interval of 1 s. The data are further f'dtered using a noncausal 3-point

Butterworth filter [Rader and Gold, 1967] with a frequency bandpass of 0.01 - 0.20 Hz.

This additional filtering greatly improves the signal-to-noise ratio of the SS phase.

A waveform cross-correlation method is utilized to determine the differential travel

time between the phases S and SS [Butler, 1979; Stark andForsyth, 1983; Kuo et al.,

1987]. The procedure involves the construction of a "synthetic" SS pulse from S and the

evaluation of the cross-correlation function between the real and synthetic windowed SS

phases (Figure 2.2). The synthetic SS pulse is created from S in the following manner.

The S pulse is windowed and attenuated (with attenuation parameter t*= 3 s) [Grand and

Helmberger, 1984; Kuo eta/., 1987] to account for the additional time SS travels in the

mantle, and then a r./2 phase shift (Hilbert transform) is applied to the attenuated S pulse to

simulate the frequency-dependent phase shift which the SS wave undergoes at an internal

caustic [ChoyandRichards, 1975]. The differential time is obtained from the peak of the

cross correlation between the synthetic SS constructed from the S wave and the real SS.

The residual SS-S times are obtained by subtracting the observed differential time from that
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predicted by the PREM Earth model [Dziewonski and Anderson, 1981] and correcting for

Earth ellipticity [Dz/ewonsk/and Gilbert, 1976] and SS bounce point bathymetry. Our

convention is that negative residuals are indicative of either early SS or late S.

Constant window lengths of 120 s are used for both the S and SS phases. In

general, the observed differential travel times vary by as much as 1 s depending on how S

and SS are windowed. Our modelling with synthetic seismograms indicates that

emphasizing the onset of the SS waveform can lead to bias for bounce points in areas of

oceanic sediments. The effect of sediments at long periods is to produce precursory

arrivals from reflections at the base of the sediments and late arrivals from waves which

travel through the low-velocity sediments and are reflected at the crust-water interface. The

net effect, after convolving the crustal response with the long-period GDSN instrument

response, is that the time center of the SS phase is effectively unchanged but the pulse is

broadened both at the front and at the back. In our procedure the use of a constant window

containing the entire SS pulse should yield differential travel times that are little affect_ by

the presence of sediments.

DATA

The north Atlantic is an ideal area for conducting a differential travel time study in

terms of the geographic distribution of available events and stations at suitable distances.

The range in source-receiver separation was taken to be 55" to 86" to ensure separation of S

and ScS at the longer distances and to avoid triplication in SS at shorter distances. The SS

and S phases bottom from about 670 km to 2300 km depth. We performed a search over

all earthquakes in the Harvard centroid moment tensor (CMT) catalog for the years 1977-

1987 [Dziewonski et al., 1981; Dziewonski and Woodhouse, 1983] and over all GDSN,

NARS, and GEOSCOPE digital seismic stations in order to f'md event-station pairs of the
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proper epicenwal distance which provide SS bounce points in the North Atlantic region.

Epicenters were obtained from the Bulletin of the International Seismological C.¢ntre 0SC)

for events occurring before 1987 and from the "Preliminary Determination of Epicenters"

of the U.S. National Earthquake Information Service (NEIS) for events occurring in 1987.

The final distribution of sources and stations used to measure SS-S differential travel times

is shown in Figure 2.3. The majority of data in this study comes from records of

equatorial fi'acture zone earthquakes at North American and European stations, north and

central Atlantic events at North Aam'ican stations, Central American events at European

stations, and Mediterranean and European earthquakes at North American stations.

This search yielded over 2000 event-station pairs with the proper epicentral

separation. After winnowing the list because of station inoperation, poor signal to noise

ratio for the phases of interest, and interfering events, the final data set consists of nearly

500 SS-S differential travel time residuals with bounce points in the north Atlantic (Figure

2.4). Uncertainties are determined for each measurement following the procedure outlined

in Appendix 2.A. A tabulation of all residuals is given in Appendix I.

RESULTS

We interpret the variations in SS-S differential travel times in terms of lateral

velocity variations within the crust and upper mantle beneath the surface reflection points of

the SS wave path. Kuo etal. [I987] and Woodward and Masters [1991] tested the validity

of this assumption by plotting absolute S and SS residuals against SS-S residuals. They

found that S and SS-S residuals are uncorrelated while SS and SS-S residuals are strongly

correlated, indicating that the assumption is justified. The validity of this assumption is

supIxr, ed by the strong correlation of SS-S times with surface tectonic features in

the vicinity of the SS bounce point The residuals are fimlm" interpreted in terms of such
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upper mantle processes as lithospheric aging, flow-induced anisotropy, and along-axis

heterogeneity in mantle structure.

La'thoapheric Aging

Cooling and thickening of the lithosphere should yield a tendency toward an

increase in seismic velocity with increasing lithospheric age. A linear regression

experiment was performed to examine the correlation of the SS-S residuals with seafloor

age. A gridded map of seafloor ages was constructed for the north Atlantic from the

magnetic anomalies of Klitgord and Schouten [ 1986] and ages assigned according to Kent

and Gradstein [1986] and Klitgord and Schouten [1986]. The isochrons of Sclater et al.

[1981] were used in a few regions which were not covered by the Klitgord and Schouten

[1986] data set. To obtain a representative age value for the region spanning approximately

one horizontal wavelength of the incident (SS) wave, an average seafloor age was

estimated for a 1" x 1" box centered on each SS bounce point. To reduce matter,

measurements whose bounce point depths differed by more than 2500 m from the depth

predicted by the Parsons andSclater [1977] plate cooling model were excluded from the

final age regression. Although each SS wave samples the upper mantle at a finite range of

Lithosphere ages, we expect that the different travel time anomalies contributed by the SS

path segments on the younger and older sides of the bounce point approximately cancel so

that the age at the SS bounce point is appropriate to the associated SS-S residual.

The SS-S residuals for the north Atlantic are consistent with the expectation of an

increase in seismic velocity with seafloor age. For bounce points between 0" and 60"N

latitude, the coefficient derived by linear regression of residual with square root of age is

43.68 + 0.08 s My -1/2 from 0 to 100 My, with a linear correlation coefficient of -0.85

(Figure 2.5). However, residuals from 60 - 90"N do not seem to be strongly correlated

with lithospheric age. This may be due to the fact that this area is more tectonically
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complicatedthan 'normal' oceanic lithosphere [e.g., Wh/te, 1988; Zehnder and Mutter,

1990],includesseveralridgejumps, isincloseproximitytocontinentalregions,and does

not closelyfollowthe age-depthrelationofParsons and Sclater[1977]. Compared with

the residualsfor0-60"N, thosefrom 60-90"N areanomalously negativeatyoung ages and

anomalously positiveatolderages. The slopeof SS-S residualvs.squarerootof age for

data from 0 to 60"N is smaller than that inferred from S delays of intraplate earthquakes in

the Atlantic by Duachenes andSolomon [1977] (two-way S delay = -1.2 s My -1/'2) and that

reported byKuo etaL [1987] (-1 s My-I/'2). It is larger, however, than the global average

obtained by Woodward and Masters [1991] (-0.51 s My-if2). We find that the residual-age

relation is not constant over the entire north Atlantic, so that some of these variations in

slope may reflect real geographic differences.

We may compare thevariationof SS-S residualversusage with thatdue only to

lithosphericcooling.For a lithosphericstrucun'egiven by theplatecooling model of

Parsons and Sclater [1977], we may convert temperature variations to differences in shear

velocity Vs by adopting a value for bVs/'dT, which we take to be uniform and equal to -0.6

rn/s K "1 [McNutt and Judge, 1990]. For a horizontal slowness typical of the tcleseismic S

and SS waves of this study (0.1375 s/kin), the slope of the line best fitting the SS-S travel

time delay versus age given by the plate cooling model over 0-100 My is then -0.64 + 0.07

s My -1/2, a result indistinguishable from the observed slope. This agreement indicates that

thedependence of navel timeresidualon plateage can be explainedentirelyby lithosphcric

cooling.

The trendof the navel time residualversusLithosphericage relation changes at

about I00 My. After I00 My, the residualsappear toflattenout (Figure2.5),inthe same

sense asthe platecoolingmodel ofParsons andSclater [1977]. Such a patternmay reflect

theunmodeled effectof increasedsediment or crustalthickness,or,as suggestedby

Parsons and Sclater[1977]may be partiallytheresultof secondaryconvectionwhich
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supplies heat to the base of the plate at older ages. To avoid possible biases associated with

any of these effects we shall restrict our analysis to data with bounce points on lithosphere

less than 1130 My. To look for other systematic variations in the residuals, we correct for

age by removing the linear relation shown by the solid line in Figure 2.5. This correction

is effectively a normalization of residuals to 22-My-old lithosphere (the zero crossing of the

regression line).

Anisotrolry

Another systematic velocity variation that has been suggested as a possible

contributor to residual SS-S travel times is azimuthal anisotropy. Kuo eta/. [ 1987]

examined this phenomenon in detail and concluded that alignment of olivine cystals in the

asthenosphere created a significant pattern of azimuthal anisotropy in SS-S residuals

measured in the Atlantic region. We have also searched for evidence of azimuthal

anisotropy with our data set.

Bachts [1965] and Crampin [1977] demonstrated, from the general form of body

wave anisotropy in a weakly anisotropic medium, that the linear form of the azimuthal

variation of velocity is given by

V2 = A0 + AI cos 20 + A2 sin 20 + A3 cos 40 + A4 sin 40 (2.1)

where V is the body wave velocity, the A n are linear functions of the elastic moduli, and 0

is an azimuth, defined for our problem by the angle between the great circle path and the

direction to geographic north measured at the SS bounce point. Equation (2.1) was further

simplified by Kuo etal. [1987] and parameterized in terms of travel time residuals:

R = R0 + R 1 cos 20 + R 2 sin 20 + R 3 cos 40 + R4 sin 40 (2.2)
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where R is the travel time residual and the Rn are constants. By fitting a function of this

form toour age-czrrectedmeasurements we can determineifour dataareconsistentwith

thepresence of anisotropy.

We have conducted several togs of azimuthal anisou'opy with our travel time data.

We performed least squares inversions to determine 20 and 40 patterns which provide best

fits to the age-corrected SS-S residuals. The anisotropy indicated by our regression

experiments differs significantly from the preferred model of Kuo et aL [1987] both in

magnitude and in phase (Figure 2.6). Our results indicate that for the 20 model the slow

direction for SS-S is N4"W and the peak-to-peak magnitude of the effect is less than 1 s;

for the 40 model the slow directions arc N32"W and N58"E and the magnitude is 2.5 s; for

the joint 20 and 40 model the slow direction is N32"W and the magnitude is just under 3 s.

Kuo et al. [1987] obtained a peak-to-peak variation with azimuth of 5-7 s and a slow

direction at N13°W. The slowest residuals in the Kuo etal. [1987] study were from north-

south paths, i.e., nearly along the ridge, and the fastest residuals were from northeast-

southwest-trendingpathswith bounce pointsnorthof theAzores-Gibraltarplateboundary

(an areanoted to be anomalously fastin theirstudy),so theirreportedanisotropymay have

been atleastpartlytheresultof unmodcUed upper mantle heterogeneity.Our inversionfor

a 20 patternof anisotropyprovided a variancereductionof only 2%, compared with 20%

fora 40 pattern,and 22% fora combined 20 and 40 pattern.On the basis.ofthesevalues

of variancereductionand thenumber of freeparameters involved,our resultssuggestthat

there is no single coherent pattern of upper mantle anisotropy in the north Atlantic. The

latest anisotropic upper mantle models obtained from surface wave tomography [Montagner

and Tanimoto, 1990] also show a complex pattern of anisotropy in the region. Any

azimuthalanisotropyintheasthenosphereinduced by platemotions inthe northAtlantic

may be heterogeneousbecause thethreeplatesintheregionareslow-moving and the return
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flow is not closely related to plate divergence [Hager and O'Connell, 1979, 1981;

Parmentier and Oliver, 1979].

Spatial Patterns of Age-corrected Residuals

After removal of the dependence on seafloor age, a plot of SS-S travel time

residuals at the SS surface reflection point (Figure 2.7) shows several interesting features.

Perhaps the most striking is that residuals in the western Adantic north of about 35" N are

on average nearly 4 s more negative than those to the south. This feature is also noticeable

in Figure 2.4 but is more obvious after age-dependence is removed. A similar change at

approximately this latitude was noted for SS-S residuals with bounce positions on the

eastern side of the Mid-Atlantic Ridge by Kuo et al. [1987] and was attributed to a change

in upper mantle structure across the Azores-Gibraltar plate boundary. The signal we

observe is predominantly from data with bounce points on the western side of the ridge. A

map view of the azimuthal distribution is shown in Figure 2.8 and serves as an aid to

assess qualitively the geometry of wave paths to the south and north of 35"N. We

examined the possibility that this signal may be from the Caribbean anomaly, a region of

anomalously high velocity in the mantle between 600 and 1400 km depth beneath the

Caribbean originally reported by Jordan and Lynn [1974] and further confirmed by Grand

[1987]. If the first leg of the SS rays propagating to western Europe were to bottom in the

high velocity Caribbean region, the result would be early SS-S residuals. This would

produce a feature of opposite sign from that observed, so we discount it as an influence

here. Another possible explanation for the long-wavelength signal could be azimuthal

anisou'opy, but the examination above of possible patterns of azimuthal anisotropy does not

support this suggestion.

Another distinctive featur© of the residuals in Figure 2.7 is a row of negative

values which trends northwest to southeast along the trend of the New England Seamounts
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and across the ridge to the vicinity of the Great Meteor Seamount. This feature comes from

event-station pairs at a number of different azimuths and distances so cannot be attributed to

a source or receiver effect. We do not observe distinctive anomalies in the vicinity of the

Bermuda, Azores or Canary Islands hotspots. The data density is poor for the Bermuda

region, however, and any signal associated with the Canary Islands may be obscured by

the ocean-continent transition. Reccady active hotspot islands might be expected to display

strong positive (late) residuals, such as Stewart and Keen [ 1978] observed for PP-P

residuals at the Fogo Sean_unts. In contrast, Woodward and Masters [1991] found

mostly negative (early) SS-S residuals in the vicinity of the Hawaiin hotspot, and Jordan

[1979] and Sipkin and Jordan [1980b] have suggested that the net effect of hotspots may

be to produce early arrivals because of the presence of high velocities in a depleted mande

residuum.

There is a systematic variation of SS-S residual with latitude, i.e., effectively along

the direction of the Mid-Atlantic Ridge axis. Age-corrected SS-S residuals with SS bounce

points on lithosphere younger than I00 My are shown versus latitude in Figure 2.9. The

along-axis variations show a variety of scales, notably at wavelengths of about I000 - 2000

km in the region from 15" to 35"N, and at about 6000 km wavelength from late (positive

residuals) in the south (20-35") to early (negative residuals) farther north (45-55"N). The

largest of these variations are robust with respect to selective removal of portions of the

data. The Iceland region appears as a local maximum (positive SS-S delay) on the profile,

but the Azores hot spot does not have a distinct seismic signal.

]OU¢1"INVERSION OF TRAVEL TIME RESIDUALS AND GEOLD AND DEPTH ANOMALIES

Long-wavelength variations in shear wave velocity of the sort depicted in Figure

2.9 presumably are a consequence of some combination of variations in te_ and
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composilio_ of the upper mande. Such la_-ral variations should also have signatures in

other physical quantities measurable at these wavelengths, notably gravity (or geoid height)

and topography (or residual bathymetry), because of the dependence of these quantities on

bulk density. Travel time residuals, geoid anomalies, and residual depth anomalies are

independent quantities dependent in different ways on temperature, bulk composition, and

their variation with depth. We therefore seek a quantitative procedure for treating travel

time residuals jointly with geoid and bathymetry data and in particular for a combined

inversion of all three quantifies for hcdz_tal variations in upper mande tc_mre and

composition.

To ensure complementarity of data sets, bathyrnetry and geoid height values are

obtained at each SS txamce point, and both arc corrected for subsidence with seafloor age

by _s of the plate coolin S model [Parsons and Sclater, 1977; Parsons and Richter,

1980]. In this manner we effectively normalize all observations to zero age. Bathymetric

data are otxained from the corrected Digital Bathymetric Data Base (5' grid) [US. Nava/

Oceanographic Office, 1985]. Geoid data are taken from a combined set of Seasat and

GEOS3 altimeter data [Marsh et al., 1986]. Data north of 70 ° N were not included in the

Marsh et al. [1986] data set due to the high probability of being over sea ice, so our

analysis below is confined to latitudes less than 70"N. We find that the correlation of SS-S

residuals with the low order geoid is negative, but that at high order the correlation is

positive (Figure 2.10). This relationship may indicate a depth dependence of contributions

to geoid and travel time (e.g., the long wavelength signal may be a lower mande effect).

Low degrtm harnxmics are likely linked to deep-seated density heterogeneities and

subducting slabs [Hager, 1984; Hager et al., 1985]. Since we are interested in upper

mande processes, we filter out the long-waveiength component of the gooid by subtracting

a reference field [Lerch etal., 1979] expanded in spherical harmonics to degree and order 7

and tapered to degree and order 11. To provide a comparable bathymetric data set,
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bathymetry is high-pass filtered (corner at 4000 kin, cutoff at 6000 kin) to remove long-

wavelength trends. Along-axis profiles are constructed from the age-corrected and filtered

geoid and bathymetry data.

Profiles of age-conected travel time residuals, geoid, and bathymetry are compared

in Figure 2.11. While qualitative correlations among profiles are apparent, we seek to

quantify possible models of temperature and compositional variations that can match these

observations. Oceanic bathymetry and geoid height are both sensitive to variations in

mantle density at depth. Such variations can be either thermal or compositional in origin

and, like seismic velocity, arc presumably related to mantle convection and differentiation.

For a given density change, the seismic signature of thermal and compositional

heterogeneity arc of opposite sign, so travel time residuals constitute key information for

distinguishing between mechanisms of heterogeneity.

Inversion for Thermal Structure

We seek to formulate an inversion for the distribution of temperature anomalies

T(x,z) (where x is along-axis and z is depth) that can produce the along-axis geoid,

bathymetry, and travel-time anomalies shown in Figure 2.11. Topography and geoid

kernels were calculated for prescribed models of viscosity for an incompressible

Newtonian mantle with free slip at the surface and the core-rnanfle boundary. The

convocting region is assumed to be overlain by a high-viscosity layer 40 krn thick. We

performed calculations both for a mantle of constant viscosity and for a mantle with a

shallow low-viscosity layer. Topography and geoid anomalies depend on the viscosity

structure, but the predicted travel times do not. Kernels were calculated using a method

similar to that of R/chards andHager [1984] except thin the solution was directly integrated

across the layers instead of being obtained via propagator mawices [McNutt and Judge,

1990].
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The inversionisbestconducted inthe horizontalwavenumber domain. The

them_ anomalies AT(k,z)atdepth arerelatedtothe predicteddynamic topography h(k)for

wavenumber k via an integralof theform

H (k,z) AT (k,z) dz (2.3)

[Parsons and Daly, 1983] where a is the volumeaic coefficient of thermal expansion, 130

and Pw arethedensitiesof themande and of water atstandardtemperatureand pressure,

and Zmm and Zmax arc the upper and lower boundaries of the layer in which temperatm_s

arc allowed to vary. Table 2.2 contains a sunmuaty of the constants adopted here. The

depth and wavenumber-dependent topography kernel H(k,z) is calculatedfrom the

equations of continuity and motion given a set of boundary conditions, a viscosity model,

and a constitutive relation between stress and swain [Parsons and Daly, 1983]. Similarly,

the kernel GOt,z) for the geoid relates the thermal anomalies to the geoid N(k) via

z_
2xFPoOt

[ G(k,z) AT(k,z) dz (2.4)gk
qF

Z .

[Parsons andDaly, 1983] where I"isthe gravitationalconstant,and g isthe surface

gravitational acceleration.

Sample geoid and topography kernels calculated for different wavenumbers and

viscosity structures are shown in Figures 2.12 and 2.13. Cartesian kernels are used

throughout this study because of their computational efficiency and straightforward

application to Fourier transform techniques. We have compared extrema of the upper

mantle portions of the geoid and topography kernels for a layered cartesian Earth and a

spherical Earth for a number of wavelengths and different viscosity structures (Figure
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2.13), and we note good agreement even at very long wavelengths (spherical harrnomc

order t'= 6). This agreement suggests that the results presented here should be applicable

to the spherical Earth without introducing unreasonably large errors.

Temperature pea'turbations at depth can be converted to a seismic velocity

pertm_tion by assuming a value for the partial derivative of shear wave velocity with

respect to temperature, _'s/'_T. The resulting two-wave travel time perturbation is given by

ZlnlLg

_v. f AT (k, z) dz
At (k) = 2 _ vs(z) 2 (1 - p2Vs(Z)2)l/2

Z .
mm

(2.5)

where Vs(Z) is from the reference shear velocity model [Dziewonski and Anderson, 1981 ]

and p is the ray parameter, generally taken to be a representative value for the range of

epicentral distances considered here. We use a value of -0.6 m/s K -1 for 0Vs/'dT. This

value is higher than the values of Anderson et al. [1968] and Kumazawa and Anderson

[1969] at standard temperature and pressure but is similar to the value of -0.62 m/s K -1

determined by McNutt and Judge [1990] by a least squares fit of Love-wave phase

velocities to predicted te_ of the lithosphere. Such a value is consistent with the

change in P-wave velocity with temperature, 0vp/0T = -0.5 m/s K "l, found from modeling

wave propagation along subducting slabs [Creager and Jordan, 1986; Fischer et al., 1988]

if we assume that 0VsFdT -- 1.I 0Vp/-dT [Woodhouse andDziewonski, 1984]. Partial melt

would increase the value of _vs/'dT [Sleep, 1974; Sato and Sacks, 1989], but simultaneous

analysis of both shear and compressional differential travel times by Woodward and

Masters [1991] indicates that significant partial melting is not required to explain the

differential travel time residuals in the north Atlantic region.

The forward problem consists of calculating geoid, topography, and travel time

residual profiles given a starting two-dimensional temperatm_ structure T(x,z). The
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inverse problem consists of finding a temperature structure that predicts (via equations 2.3 -

2.5) geoid, topography, and travel time profiles which best fit those observed. The

familiar matrix equation d = A m is formed from discrete versions of equations 2.3 - 2.5.

The data vector d consists of the topography, geoid, and travel _ residuals, the model

vector m contains the temperature variations for which we arc solving, and the matrix A

contains the coefficients and kernels which rciate the data to the model. As a check on our

procedure, we constructed a forward problem for geoid and topography and found good

agreement with the modelling results ofMcKenzie et al. [1980].

The bathymetry, geoid, and navel time profiles of Figure 2.11 are interpolated to a

constant spacing, demeaned, tapered at both ends with a 10% sine squared taper, and

Fourier transformed. Since our profile extends from 10 to 72°N, the first and last 10% of

the profile (10 - 16°N and 66 - 72°N) will be affected by the taper. The 3n x 1 data vector d

is then constructed, using the complex (to retain both amplitude and phase) bathymctry,

geoid, and navel rime data sampled at n discrete wavenumbers:

d = [ Ah(kl) ..... Ah(kn),AN(kl) ..... AN(kn),At(kl) ..... At(kn) ] T (2.6)

where T denotes wanspose, and n in this case is equal to 5, representing the fin'st 5

coefficients of the Fourier series expansion (wavelengths 7104 krn, 3552 km, 2368 kin,

1776 km, and 1420 kin). For the case where temperatu_ perturbations are constrained to

be in a single layer, the n x 1 model vector m is given by

m = [ AT(kl) ..... AT(kn)] T (2.7)

For the more general case of a multi-layer system, the nj x 1 model vector m is given by

m = [ AT(kl, Zl) .... ,AT(kl, zj), AT(k2,zl) ..... AT(k2,zj),AT(knzl) .... AT(kn,zj)] T (2.8)
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where ziisthelayerindex and j isthetotalnumbcr of layers.In thispaper we pcn'form

inversionsforsingle-layermodels only. The "layers"of temperaturevariationsarc

independentof the"layering"system of lid,low viscosityzone, and mantle which we use

forthe calculationof kernels,althoughmajor changes inviscositywould tend toscgrncnt

AT as well. The temperaturelayeringsimply refcrstothatregionbounded by Zmin and

Zmax in the intcgralsof equations2.1 -2.3.

The 3n x n matrixA containsthecoefficientsand kernelsthatrelatethe tcrn_

perturbationstothe observations,which forthesingle-layercase isgiven by

/ p0_ _ HOl:t,z) Az 0 ...
po-p,,

A

poet

p0-p,

0 0 0

0 0 p0a.. _ H(k,,,z) az
po-p. =,_

2xrp0a _l
Z O(k_.z)_ 0 ... o

gk=

0
2xrpoa "

T_ O(k=.z)a,z
$k= =._

0 0

2xr'p_ '='
0 0 ... _ O0_z)az

gk=

0 2by' _ V'(Z)'2 Az

0

0 0

0

2_v' _' v'(z)'2 ._z
_r ,.,= O.-P,,,(z)b_

(2.9)
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The matrix A contains both bathyrneu'y and topography kernels and is thus viscosity

dependent; i.e., a viscosity struculre must be assumed. We solve the equation d = A m by

least squares

-1 )-1 -1
m = ( ,_ Rdd A ,_, Rdd d (2.10)

where _ is the complex conjugate transpose of the matrix A. Construction of the data

covariance matrix Rdd is discussed in Appendix 2.B. Equation (2.10) is solved for the

solution vector m, and variance reduction is calculated via

variancereduction= I- (d-Am'-"_)R_ (d-Am)

d"R_ildd (2.11)

The resulting model vector m is inverse Fourier transformed back to the spatial domain to

produce an along-axis temperature profile. The solution m is also substituted into

equations2.3 -2.5 tocompare predictedgeoid,bathymetry, and navel time residualswith

those observed.

Sixinversionexperiments fortemperaturestructurewere performed (Tables2.3

and 2.4). Table 2.4 contains spectral coefficients for both the observed data and the

predicted models, and serves as a guide to how well the various spectral components of the

data are being fit. Since the geoid and bathymetry kernels do not include any phase

information (except that a sign change produces a 180" phase shift), large phase differences

between components of the observed geoid and bathymetry would indicate that these

components cannot simultaneously be well fit by our models. Inversions were carried out

for two different viscosity models and for three different thicknesses of the layer in which

lateral temperature variations were asstmaed to occur. Because topography and geoid

anomalies depend only on the ratios of viscosity in cfifferent layers [Richard_ and Hager,
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1984; Robinson et al., 1987; Hong et al., 1990], we set the dimensionless viscosity of the

layer representing the bulk of the mantle to unity. In one viscosity model, terrr_ the

"constant viscosity mantle," a 40-Iota-thick high-viscosity lid overlies a unit viscosity

mantle. We set the viscosity in the lid to 104, which effectively mimics rigid behavior. In

a second model, a 160-kin-thick low-viscosity zone is present beneath a 40-kin-thick lid;

the viscosity in the low-viscosity zone is a factor of 100 less than in the underlying mantle.

The thickness of the layer of temperature perturbations was taken variously to extend from

0-150 km depth, 0-300 km depth, and 0-650 km depth. The matrix A is different for each

of these cases, as it involves viscosity-dependent geoid and topography kernels and also a

summation over depth.

Inversion results for the constant-viscosity-mantle cases are shown in Figure 2.14.

The "observed" profile is actually a filtered version of the observations, containing only the

wavelengths used in the inversion (1400 to 7100 kin). Predicted prof'fles were calculated

from equation 2.5. For these solutions, the long-wavelength fit to geoid is better than at

short wavelengths. The fit to bathymetry is poor. The predicted magnitude of the SS-S

residuals range from a factor of 5 too small for the 650-kin-thick layer to a factor of about

1.5 too small for the 150-krn-thick layer. Increasing the temperature variations to improve

the fit to the SS-S residuals leads to predicted geoid variations that are too large. The

highest total variance reduction and best fit for the constant-viscosity cases come when

lateral variations are constrained to shallow (0-I50 kin) depth. The variance reduction is

25% for bathymetry, 79% for geoid, and 58% for travel tirnes (Table 2.3). The total

variance reduction is 53%. The variation in te_ is 180 K for the 150-kin-thick

layer, and only 60 K for the 300-km-thick layer.

Figure 2.15 shows inversion results for the models with a thin low-viscosity zone.

A good fit to both geoid and travel time is found, although the alignment in phase of

predicted and observed geoid is not as good as for the constant-viscosity case. The fit to



34

bathymeu'yis again poor. The total variance reduction for the 150-km-thick and 300-kin-

thick layers are both 57%, although the shallow model provides slightly higher variance

reduction for bathymen'y (27% for 0-150 km deep layer, 24% for 0-3(}0 fan deep layer)

and the 300-kin-thick-layer model provides higher variance reduction for geoid (79% for 0-

150 km deep layer, 85% for 0-300 km deep layer). The variation in temperature for the

150.-km-Otick layer is 230 K and in the 300-km-thick layer is I I0 K.

We have explored the hypothesis that the lack of correlation of prediaed and

observed topography is an indication that the source of variations in the geoid and travel

ume anomalies is deep. To test this hypothesis, we performed inversions with temperature

variations restricted to deeper layers and found that fits to topography were still poor. It is

possible that the bathymen'ic signal is dorninaEed by crustal thickness variations which are

not included in our calculation of dynamic topography. An assessment of such thickness

variations is discussed further in Appendix 2.B.

Inversion for Compositional Variations

A possible alternative to along-axis variation in mantle temperanne is lateral

variation in bulk mantle composition, due perhaps to a variable extent of melt extraction or

different degrees of mixing of compositionally distinct volumes of mantle material. The

dynamical effects of compositionallyinduced densityvariationscan be large[O'Hara,

1975; Boyd and McCallister,1976; Oxburgh and Parmentier,1977;Sotinand Parmentier,

1989]. The fractionof mantlepotentiallyextractableas basalticmelt isthought tobe 15-

25% [e.g., Green andLiebermann, 1976]. Thus, for every volume of basalt removed

from the mantle, a volume of residuum several 6rnes larger is left behind. The effect of

basalt depletion is to increase the molar ratio Mg/(Mg + Fe) (or Mg#) in the residuum,

which reduces the density and increases the seismic velocities [e.g., L/ebermann, 1971Y,

Ak/moto, 1972]. For example, subu-action of 20 mole % olivine basalt from pyrolite can
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decrease the density of the residuum by nearly 2%, equivalent to a thermal perturbation of

nearly 500 K [Jordan, 1979]. Thus ccm_posifional changes need only be slight to produce

effects on the order of 100 K, comparable to values otxained from the inversions for

temperature variations. In this section we explore the effects of compositional variations

paran_terized in terms of the variation in the Mg_ in the upper mantle along the ridge. Our

motivation for paran_tedzing compositional variations simply in terms of Mg# is that

differences in this quantity yield significant variations in seismic velocity and density, in

contrast to most other measures of degree of melt exu'action.

Partial derivatives of density and seismic velocity with respect to Mg# are obtained

from Ak/moto [ 1972]. These values were measured on a suite of samples ranging from

pure forsterite (Mg2SiO4) to pure fayalite (Fe2SiO4). While these partial deriv_ves are at

standard te_ and pressure, it is expected that a change to elevated temperature and

pressure will have only a second order effect, since texture and pressure corrections

work in opposite directions [Jordan, 1979]. Above the solidus temperature, however, the

amount and distribution of partial melt, which may depend strongly on composition and

particularly volatile content, is important. The presence of melt is likely to have a larger

effect on shear wave velocities than on bulk density. Calculations of melt migration,

however, suggest that once created, melt segregates rapidly by a percolation mechanism

[e.g. Scott and Stevenson, 1989], so that the melt fraction present in the mande at any

given time is probably small. Studies of rnantle peridotites [Johnson et al., 1990] also

support the _ce of fractional melting.

It is straightforward to convert equations (2.3) and (2.4) to relations between geoid

or topography and a comtx_sitionally induced density perturbation by means of the relation

Ap = -Poct AT

Compositional anomalies atdepth yielda dynamic topography h(k)given by

(2.12)
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Ah(k) =
PO- Pw

Zmllx

Op t
] H(k,z) AMg(k,z) dzc3Mg

Zmin

where AMg represents the fractional change in the Mg#.

geoid anomaly

(2.13)

Compositional anomalies yield a

Z_t

AN(k) = 2XFgk_"Mg z_p _ G(k,z) AMg(k,z) dz
(2.14)

For a compositional perturbation at depth the resulting two-wave travel time perturbation is

given by

z,_

Ov,f
At(k) = 2 0Mgzj v,(z)2 (1 -p2vs(z)2)l/2

(2.15)

Using equations (2.13) - (2.15), an inversion scheme similar to that used for

thermal perturbations is formed. The solution vector now has the form

m = [AMg(kl), ..., AMg(kn)] T (2.16)

The data vector remains the same as in equation (2.6), while the matrix of coefficients, A,

changes to reflect the relation between the data and mantle composition, rather than

temperature, as outlined in equations (2.13) - (2.15).

The results of the inversions for compositional variations are summarized in Table

2.3 and in Figures 2.16 and 2.17. We are unable to match simultaneously both SS-S travel
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time residuals and gcoid and bathymcu'ic anomalies with solely mantle compositional

variations for either a constant viscosity mantle or one with a low viscosity zone. This is

not surprising, as the travel times arc for the most part positively correlated with gcoid and

bathymctry, but compositional variations (at least for the Mg2SiO4 - Fe2SiO4 system

exanfincd hc1'¢) have an opposite dt'cct on travel time and gvoid-bathymetry.

For the constant viscosity case, the fit to the geoid is excellent, and the fit to

bathymctry is slightly better than in the inversion for temperature. The fit to SS-S residuals

is so poor that the variance roduction is negative for travel time. Large compositional

changes would be required to affect travel times, whereas only small compositional

changes arc needed to produce significant density contrasts to match the geoid signal. The

total variance reduction for the constant viscosity case does not vary greatly (from 32-33%)

for compositional changes constrained to be over different depth intervals, though the

variance reductions for individual data sets (bathymetry, gcoid, travel time) vary

significantly from model to nxxiel (see Table 2.3). The range in Mg#is about 1% if the

variation is constrained to the depth range 0-150 km and only 0.1% for the 0-650 km depth

range.

Figure 2.17 shows inversion results for the model with a low viscosity zone. A

good fit to both gcoid and bathymctry is found, although the alignment of predicted and

observed gcoid is not as good as in the constant viscosity case. The fit to bathymctry is the

best of any models so far. The total variance reduction is still low (43 to 49%), due to the

fit to travel limos (negative variance reduction in all cases except the 0-650 km model).

The range in Mg# is 2.4% ff constrained to 0-150 km depth, 1.3% over 0-300 km depth,

and 0.5% over 0-650 km depth.

Joint Inversion for Temperature and Composition

We next explore whether a combination of temperature and compositional
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v_ can provide a good match to the observed geoid, navel time, and ba_ymeu'y.

Joint inversions provide improved fits to all data at the expense of introducing additional

free parameters. For these inversions the data vector remains the same as in equadon (2.6),

the soluuon vector is modified to include both temperann'e and comix_idon, and the matrix

of coefficients, A, includes the effects of both texture and composition. The roan'ix-

building equauons become, for example, for topography,

zm, x z,_

O0cc r H(k,z) AT(k,z)dz + I _0 r
_h(k) ---P0 -P""---_,, P0 - Pw _--_g ,, H(k,z)AMg(k,z) dz (2.17)

Z . Z
mm min

which issimply a combination of equations(2.3)and (2.13).The new geoid equation

comes from a combination ofequations(2.4)and (2.14)and thetraveltime equation from a

combination ofequations(2.5)and (2.15).Cross terms,such as compositionalchanges

induced by in_ or decreasesin texture, areneglected.

The resultsforthejointinversionfortemperatureand composition aresummarized

in Table 2.3 and Figures2.17and 2.18. The traveltime residualsarewell-modeled inall

cases,as arethe geoid data. The topography isbestfitforthecase with a low viscosity

zone. Resolutionof thedepth intervalof themost importantlateralvariationsisrather

poor. The topography isfitmarginallybetterforthecase where temperatureand

compositionalanomalies areconstrainedtobe shallowerthan 300 krn. For theconstant

viscositymantle,thetexture varianonsrange from 210 K, ifconstrainedto0-150 krn

depth,to55 K ffover 0-650 Ion depth;variationsinMg# range from 1.5% ffover 0-150

k.m depth to0.4% for0-650 krn depth. For the case with an upper mantle low viscosity

zone,the temperatm'evariationsaresimilartothoseintheconstantviscositycase,but the

variationsinMg# arelarger,from over 2% for0-150 km depth tonearlyI% for0-650 km

depth.

The navel time residualsareperfectlyfitin thejointinversionsfortemperatureand
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composition (Table 2.3). This occurs because of the way the model parameters act in a

similar manner on both geoid and bathymetry, producing a singular matrix if only geoid

and bathymetry data are inverted for both te_ and composition. Undamped least

squares always provides perfect solutions when the number of equations is equal to the

number of unknowns unless the matrix to be inverted is singular. If we perform an

inversion including only travel time and geoid data, we have the same number of equations

as unknowns, the matrix is nonsingular, and we obtain perfect fits to both navel time and

geoid. Similarly, if we perform an inversion of travel time and bathymetry data, we again

obtain perfect fits to both data sets. If we perform an inversion of geoid and bathymetry

data, however, we are unable to obtain solutions without applying damping. In the joint

inversion of travel time, geoid, and bathymetry, we have more equations than unknowns

and the inversion is overdetermined. However, the navel times are perfectly determined in

this case because of the nonuniqueness inherent with geoid and bathymetry. We have

perfom_ undamped inversions with various weightings on the geoid, bathymetry, and

travel time dam, and in all cases the navel times remain perfectly fit.

We have also performed joint inversion for temperature and composition with Mg#

variations constrained to be in the upper 50 km of the lithosphere so as to mimic

compositional variations due solely to variable melt exwaction at the ridge. Temperatm'e

perturbations were allowed to remain within the depth ranges adopted earlier. The results

for this inversion are summarized in Table 2.3 and Figures 2.20 and 2.21. The variance

reduction was similar for the constant viscosity case and for the model with a low viscosity

zone. In general, the gcoid is fit very well, the predicted amplitudes are a bit low for navel

time residuals, and the topography fit is slightly out of phase. For the constant viscosity

mantle, the range in te_ is 210 K over 0-150 km depth and 25 K over 0-650 km,

while Mg# variations constrained to be confined to 0-50 km depth were over 5%. For the

case with a low viscosity zone, the temperature variations were not dramatically different
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from those in the constant viscosity case, and variations in Mg# were about 4.5%. The

inversion solution shows high temperatures near 30"N and low temperatures in the region

from 50-60"N. Iceland also appears to be underlain by high-temperature mantle. Going

from south to north along the ridge, compositional variations indicate low Mg# in the

vicinity of 20-30"N, high Mg# in the Azores region (40"N), low values near 50"N, and

high values near 60"N.

DISCUSSION

The temperature and compositional variations in Figures 2.14-2.21 are broadly

consistent with observed travel time, geoid, and bathymetry anomalies in the north Atlandc

region. Temperature variations alone can account for most of the observed anomalies. In

contrast, compositional variations alone cannot match all anomalies simultaneously. We

infer that a component of the observed anomalies is due to long-wavelength variations in

upper mantle temperature. Joint inversions for temperatttre and composition provide better

fits than single-variable models, but at the expense of introducing additional free

parameters.

It is difficult to select a 'best' model from the suite of inversions presented. The

variance reductions in Table 2.3 serve as a guide, but independent criteria may allow us to

reject some of the models, even those with high variance reductions. In particular, those

models with large tempe_tme variations (well in excess of 100 K) can be seriously

questioned. Lateral texture variations at upper mantle levels beneath oceanic ridges are

thought to be no more than about 300 K globally [Klein and Langmuir, 1987], so a

variation in temperature of 230 K (as in the inversion with a low-viscosity zone and a 150-

kin-thick layer of temperature perturbations) solely within a section of the north Atlantic is

probably unreasonably large. Further, as White and McKenzie [ 1989] have noted,
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relatively small increases in mantle temperatme above values typic'al for the mid-ocean ridge

are sufficient to cause large increases in melt production. Their models indicate that, for

fixed bulk composition, an increase of 100 K above normal doubles the amount of melt

while a 200 K increase can quadruple it. Such increased melt production should lead to

approximately corresponding increases in crustal thickness. Variations in oceanic crustal

thickness away from fracture zones, however, are generally thought to be small, with

thicknesses typically 6-7 km and ranging from 4.5 to 8.5 km [Spuch'ch and Orcutt, 1980,

White, 1984; Purdy andDetrick, 1986]. In the joint inversion for temperature and

composition, temperature variations if confined to 150 km depth are excessive (over 200

K) and if the variations extend over 0-650 km the fit to topography is poor, especially for

the constant-viscosity mantle. On the basis of these results we prefer the models with

temperature variations occurring over 0-300 km depth. For the constant viscosity mantle,

the temperature variation is 110 K, and the variation in Mg# is 0.75%. For the case with

an upper mantle low viscosity zone, the predicted temperanue variation is 125 K, and the

variation in Mg# is 1.1%. The total variance reduction is greater in the model with a low

viscosity zone.

Even a temperature variation of about 100 K is high for a mantle of constant

composition, since we do not observe increased crustal thickness in regions that our

models indicate have high temperatures. The assumption of approximately constant upper

mantle composition warrants discussion. In particular, lateral variation in trace amounts of

mantle volatiles may have a large effect on seismic velocity at a given temperaune. The

presence of even a slight amount of water, for instance, is sufficient to cause a significant

decrease in the initial melting temperature of peridotite [Wyllie, 1971]. Estimates of volatile

contents and their lateral variations in the north Atlantic region have been made from

measurements of abundances of halogens, SiO2, K20, and H20 in basalts and from the

volumes of vesicles in basalts [Schilling et al., 1980, 1983; Schilling, 1986; Michael,
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1988]. These studios indicate that C1, Br, F, and H20 contents increase toward the Azores

and Iceland and that H20 is two to three times more abundant in Mid-Atlantic Ridge basalts

erupted over the Azores platform than at adjacent normal ridge segments. The effect of

volatiles on density and shear wave velocity will be slight at subsolidus temperatures but

can be major over the melting in_rval [Goelze, 1977]. The presence of melt will act to

decrease sisnificantly the seismic velocity [Duschenes and Solomon, 1977] and, to a lesser

extent, lower the density of the mantle. To the extent that seismic velocity depends on

proximity of the temperature to the solidus temperature [Sato eta/., 1988, 1989], volatile

content can trade off with temperature in its effect on velocity at subsolidus conditions.

Thus, variation in volatile content could lessen the variations in melt production implied by

the inversion solutions.

Even without significant variations in volatile content, it is clearly an

oversimplification to parameterize mantle composition in terms of only a single quantity.

Further we have assumed that the partial derivatives of bulk density and seismic velocity

with respect to Mg# that are those for olivine [Ak/moto, 1972]. The work of Jordan

[1979] indicates that these derivatives remain nearly constant for many different mantle

compositions (i.e., pyrolite-type compositions with various amounts of olivine,

orthopyroxene, clinopyroxene, spinel, and garnet), so the latter assumption is sound.

However, at any given Mg#, orthopyroxene and clinopyroxene have lower velocities and

are less dense than olivine, while garnet and spinel are seismically faster and denser than

olivine [Jordan, 1979], so an increase in the weight percent of orthopyroxene and

clinopyroxene or a decrease in the weight percent of garnet and spinel with respect to

olivine in the mantle could counteract some of the temperature variations obtained under the

assumption of effectively uniform mineralogy. Several studies [Wood, 1979; Jaques and

Green, 1980; Dick et al., 1984] have suggested that compositional variations in the mantle

are plausible. Indeed a number of workers [e.g., Davies, 1984; AU_.gre et al., 1984] favor
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dynamic models for the mantle in which dispersed heterogen¢ities of various sizes and

shapes are passively embedded in a continually mixed, convecting mande. Variations in

modal fractions of olivine, ¢t_opyroxene, and clinopyroxene in peridotites recovered

along the Mid-Atlantic Ridge have been reported in several studies [Dick et al., 1984;

Michael andBonatti, 1985]. These variations axe typically attributed to different degrees of

melt extraction but could also be partially due to inu'insic upper mantle heterogeneity. For

example, the relative fractions of olivine, clinopyroxene, and orthopyroxene indicated by

Michael andBonatti [1985] at 26"N and 30"N, if extended to depth, could counteract a

portion of the temperature differences indicated by the inversion solutions for these

regions.

Chemical analysis of dredged peridotites in the north Atlantic indicate a range of

about 2.5% variation in Mg# [Michael and Bonani, 1985]. This value is intermediate

between what we f'md for models with compositional variations consu'ained to be shallow

(4.5 to 6% variation) and those models with compositional variations in the same depth

ranges as the thermal variations (1-2%). This suggests that compositional variations may

be concentrated slightly shallower than the texture variations. Michael and Bonani

[1985] present analong-axis profile of Mg# variations from dredged peridotites which can

be compared with our calculated profile. The main feature in their prof'de is a zone of high

values of Mg# in the Azores region, from M-45"N, relative to the rest of the ridge,

consistent with our modelling results. Their data sampling is too sparse to delineate other

long-wavelength features. Their average value for 26"N also has a high Mg# relative to

adjacent data. This is consistent with our observation of early SS-S travel times and low

geoid in this region. This anomaly is of too short a wavelength (< 1000 km), however, to

resolve in our inversions. We should note that comparisons merit caution, as small scale

features, such as those due to ridge segmentation, can produce large differences in

composition between peridotites over scales of tens of kilometers. In addition, dredged
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perkiofitesaremostly fromfracturezoneenvironments,whichmaynotberepresentativeof

typicalridgemantle[D/ck, 1989].

On the SS-S residual profile the Iceland region appears as a local maximum Oate

SS) but the Azores hotspot does not show a distinct seismic signal. The inversion results

for these two regions are also markedly different. The results of the joint inversion for

teraperature and composition predict a high Mg# in the Azores region while indicated

temporatmes are not anomalously high. At Iceland, in contrast, high temperatures

dominate. Work by Schilling [1986] andBonata" [1990] outlines the differences in

geochemical signatures between the Azores and Iceland hot spots. These workers suggest

that Iceland is a "traditional" plume hot spot, with a predominantly thermal origin, but that

the Azores might be more aptly named a "wet spot" because of the presence of excess

hydrous phases and the lack of a thermal anomaly. Bonatti [1990] suggests that because

the Azores hotspot is rich in volatiles, enhanced melt production could occur with little or

no increase in temperature. The high Mg# indicated in our inversions allows the region to

be seismically fast (as we observe) but of low density (as geoid and bathymetry require).

The results are consistent with the hypothesis that the Azores hot spot is not associated with

a plume-like thermal anomaly. Inversion of surface wave dispersion data can potentially

provide further tests of these ideas, but studies to date have yielded apparently conflicting

results. Results of several such investigations [Nakantsh/and Anderson, 1984; Tan/moto,

1990, Zhang and Tan/moto, 1990a] suggest that the Azores region is seismically slow at

depths less than 300 km but a study utilizing 50-200-s-period Rayleigh waves by Mocquet

eta/. [1989] does not. These differences may be partially attributable to the differences in

wave periods employed and mode of analysis from study to study. It may be possible that

what appear to be low velocities at the Azores are a result of horizontal smoothing of the

low velocities along the ridge and have little to do with the actual structure in the Azores

region. None of these long-period surface wave studies resolve a distinctive anomaly at
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Iceland. Clearly, more work is needed to resolve the upper mantle velocity su'ucture of hot

spot regions.

Bonata" [1990] has constructed profiles of the equilibrium temperature of dredged

peridodtes along the Mid-Atlantic Ridge axis from 0 to 60"N by nxans of two different

geothermometers [Wells, 1977; Lindsley, 1983]. Comparison of these profiles with the

along-axis temperature variations obtained from our inversions reveals a number of

qualitative correlations as well as a few discrepancies. The range of temperature variations

in the profile based on the L,/ndMey [1983] geotheraxm_ter is about 150 K, neglecting high

values termed "anomalous." When the high values are included the range increases to 400

K. The profile utilizing the Wells [1977] geothermometer has a range of 100 K neglecting

the anomalous values and 350 K including them. The highest temperatures in our

inversions are near 30"N (Figures 2.18-2.19), a region showing a slight peak in Bonatti's

temperature profile estimated according toLindsley [1983] and a very weak rise in the

profile utilizing the Wells [1977] geothemxar_ter. There is a small dip in temperature at

26"N (a region which we find to be seismically fas0 in the Lindsley [ 1983] and Wells

[1977] profiles, but the difference may not be significant considering the error bars.

Bergman and Solomon [1989] also found the upper mantle near 26"N to be seismically fast

from an analysis of teleseismic P-wave travel time residuals from earthquakes in this region

recorded by a local ocean-bottom seismic network. The lowest temperatures on the profiles

of Bonatri [1990] are at 43"N. Temperatures from our inversion solutions are also low in

this region, although the Bonatri [1990] profiles indicate an increase in temperature

proceeding north from 43"N to 53"N, whereas our results favor continued low

temperatures. Part of the difference between our results and the geochemical studies may

be attributed to the fact that the depth sampled by basalts and peridotites is likely to be

shallower than the layer thicknesses of most of our models. Assuming that the 6-kin-thick

oceanic crust was formed by 9 to 22 % partial melting of the mantle [Klein and Langmuir,
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1987], then the volume of residual peridodte will extend from the base of the crust to

somewhere between 30 and 70 km depth. The amount of depletion will vary with depth if

we assume a fractional melting model. Our models with compositional variations confined

to depths less than 50 km are most representative of shallow fractionation and

differentiation.

Several improvements in futm'e studies of the type presented here may be

envisioned. Our models thus far have been limited to simply parameterized one-

dimensional variations in ternimmnae and comp_tion within a single layer. It is likely that

these lateral variations are not constant within a given layer and that there are two-

dimensional lateral variations independent of lithospheric aging. The techniques oudined in

this paper can be generalized to a muldlayer system and to twoMimensional wavenumber

(see equanon 2.8), but we do not feel that the resolution of our data can justify more

complicated models at this time. Kernels for seismic surface waves are strongly peaked in

the upper mantle, and such data would provide a useful constraint in future models. The

inclusion of surface wave data would help to distinguish between lithospheric and

asthenospheric effects and may allow for two or more independendy resolved layers.

Extension ofthe modelling to three dimensions would permit an assessment of the degree

to which mantle anomalies beneath the ridge extend off axis. Implicit in our age-correction

istheassumption that theanomalous propertiesof the ridgemantle are steadystateon a

time scaleof 100 My. Recent seafloorsurveysand theoreticalstudies[e.g.,Pockalny et

a/.,1988; Scottand Stevenson, 1989] bringthisassumption intoquestion and suggest that

atleaston shorttime scales(< l My) and atslow spreadingrates(asin theAdantic)

intermittent periods of melting and crustal formation may be separated by periods with little

or no melt production. These temporation variations are likely to be averaged out,

however, over the typical horizontal wavelength (100 kin) of a long-period SS wave.

Another limitationof our models isthattheydepend on theassumed valuesof
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several physical constants. It is straightforward, however, to estimate the effect of

choosing different values. The viscosity structures we employ arc also quite simple but

have been chosen to represent two models widely invoked in other studies - a constant or

nearly constant viscosity mantle [e.g., Peltier, 1989] and a mantle with a thin low viscosity

layer [e.g., Craig and McKenzie, 1986; Robinson et al., 1987]. The viscosity su'ucture of

the Earth may be temperature and pressure dependent or vary laterally, but we have not

considered viscosity structures of this type. Nor have we modelled the effects of partial

melting which could ac,con3pany the temtx_ture variations we predict. The effect of

retained melt on the physical properties of the mantle depends critically on the melt fraction

and geometry, characteristics presently poorly known. Sato eta/. [ 1988, 1989] downplay

the im_e of partial melt and suggest that most mantle seismic velocity anomalies can

be explained by temperature variations at subsolidus conditions. The combined analysis of

both shear and compressional differential travel times also suggest that significant partial

melting is not required to explain the travel time residuals in the north Atlantic region

[Woodward and Masters, 1991].

CONCLUSIONS

We have measured 500 SS-S differential travel times for paths in the north Atlantic

region. The SS-S _ravel time residual decreases linearly with square root of age, in general

agreement with the plate cooling model to an age of 80-100 My [Parsons and Sclater,

1977]. Azimuthal anisotropy is not clearly resolved, and the azimuthal patterns of our data

are not consistent with the preferred upper mantle anisotropy model of Kuo eta/. [ 1987]

for the north Atlantic. An along-axis profile of age-corrected travel time residuals displays

significant long-wavelength variations, notably at wavelengths of 1000-2000 kin. The

largest of these variations are robust with respect to selective removal of portions of the
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data.

We have formulated a joint inversion of travel time residuals and gcoid and

bathymetric anomalies for lateral variation in upper mantle temperature and composition.

On the basis of variance reduction, inversion for temtm'amre favors the presence of an

upper mantle low viscosity zone and temperature anomalies concenwated at depths less than

300 km. We are unable to match travel _me residuals simultaneously with geoid and

bathyme_y solely with lateral variations in bulk composition (Mg#). Joint inversions for

temperature and composition provide good fits to both travel time and and geoid regardless

of viscosity slructure or layer depth and thickness, but the best fits to bathymetry come

from models with a low-viscosity zone and thermal or compositional variations confined to

shallow depth. The Mg# variationspredicted in the joint inversion for temperature and

composition arecomparable tothosefound by Michael andBona_ [1985]ina studyof

dredged peridotitesalong theMid-AtlanticRidge and may be relatedtovariationsinmelt

productionalong theridge.

The preferredinversionsolutionshavc variationsinupper mantle temperature

along the Mid-AtlanticRidge of about I00 IC For a constantbulk composition,such a

temperaturevariationwould Im3duce about a 7 km variationincrustalthickness[Whiteand

McKenzie, 1989],largerthan isgenerallyobserved [Spuch'chand Orcutt, 1980; White,

1984; Purdy and Derrick,1986]. Introducingcompositionalvariationsas wellas

te_ variationsinthe inversionsdoes notchange therange of temperature

appreciably.The presenceof volatilesinthemantle can have a su'ongeffecton

te_ requiredformelting,and variationsinvolatilecontentalong the ridgemay

reduce thelargevariationinmelt productionimpliedby thelateraltemperaturevariations

indicatedinour models.
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APPENDIX 2,A: ESTIMATION OF ERRORS FOR SS-S DIFFERENTIAL TRAVEL TIMES

It is important to quantify the uncertainties in the differential travel time

measurements. After cross-coneladon, the "quality" of each individual SS-S measurement

is rated and a grade is assigned. The cross correlation coefficient, which describes the

degree of fit between the synthetic and real SS phases, is used as an objective aid in the

assignment of quality. However, our final assignment of quality is largely subjective and

based upon visual inspection of the "synthetic" SS, real SS, and cross correlogram, taking

into account the sharpness of the arrivals and their alignment, the clarity of the seismogram,

and the appearance of a single clear peak in the cross correlation function. An "A" quality

grade indicates an excellent fit, "B" quality indicates good phase alignment but only a fair

fit, and a "C" quality grade indicates a poor fit or some ambiguity as to phase alignment. In

addition to A, B, and C grades, there were data that were rejected due to poor signal to

noise ratio for either the S or SS phases.

Assuming that the uncertainty in an individual measurement comes from a

combination of measurement error, unmodcled lower mantle structure, and epicenwal error,

we write, for example, for the measurement variance of an "A" quality datum:

OA 2 = OAm 2 + Olm 2 + Oepi 2 (2.A1)

where o A isthe totaluncertainty,OAm is themeasurement error,Olm is the uncertaintydue

tounmodeled lower mantle structure,and Ocpi istheepicentralerror.We assume thatOlln

and ct_i arc the same for A, B, and C quality measurements, but the measurement error is

obviously a strong function of data quality.
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EffectofE ce, alError

In general,epicennalerrorsa_ect thenavel timesonly slightly.The eventsused

inthisstudy were wellrecorded by a largenumber of s_rions over a wide range of

azimuths,and typicalepicennalmislocadons areprobably lessthan I0 km (which would

yielda diffe_ndal navel-_ne errorof 0.35 sat75" distance).The travel_s areeven

lesssensitivetoerrorsinfocaldepth;an errorindepth of 25 km contributesonly about 0.3

s to the SS-S residual. Using the rule of thumb that one standard deviation is about one half

of the estimated extremes, we adolx aqS = 0.75 s as a conservative esumate of ¢picennal

error.

Effect of Unmodelled Lower Mantle Heterogeneity

We estimate the likely magnitude of lateral variations in the shear wave velocity of

the lower mantle from models of lower mantle heterogeneity in P wave velocity (such as

model L02.56 of Dziewonski [1984]). The average variation in navel times of direct P

waves bottoming in the lower mantle is in the range + 0.5 s. Global tomographic studies

by Dziewonski and Woodiwuse [1987] indicate that the scaling ratio (SVs/V s)/(SVp/Vp) -

2 in the lower mantle. Such a scaling is also suggested by comparison of lower mantle P

wave models with the recent lower mantle S model of Tanimoto [1990]. Assuming such

an S to P velocity anomaly scaling, the resulting variation in S wave arrival time

contributed by the lower mantle would likely be about + 1.5 s, a fraction of the observed

range in SS-S residual. While the major features of lower mantle model L02.56

[Dziewonski, 1984] and the lower mantle portions of Tan/moro's [1990] model are for the

most part similar, enough differences exist that the application of a lower mantle

"correction" to our data might add more uncertainty than it removes. Further, absolute S-

wave travel limes do not show enough variance for us to suspect large lower mantle effects

[e.g., Randall, 1971; Girardin and Poupinet, 1974; Hart andButler, 1978; Uhrhammer,
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1978, 1979],and the work of Gudmundson etal.[1990] indicatesthatmost of the variance

from the ISC tables is attributable to the shallow mantle, i.e., most of the Earth's

heterogeneity is in the upper mantle and the lower mantle is fairly homogeneous. On the

basis of the above information, we set olin = 0.5 s for our study.

Measurement Error

As an objective means to obtain en'or estimates, we examine the scatter in A, B,

and C quality picks in a small region. We measured the root mean square (rms) difference

between travel time residuals of the same grade (A, B, or C) with bounce points separated

by less than 80 km and with differences in path azimuth at the bounce point of less than

I0". An 80-km distance is less than the horizontal wavelength of SS (which is about 180

km at 25 s period) so we do not expect much contribution to the rms difference from actual

lateral variations in structure. The rms difference for the 16 A quality residual pairs which

were within 80 km of each other was 1.15 s. For B quality picks, an rms difference of

2.08 s was measured using 20 residual pairs, and for C quality picks 44 residual pairs

yielded an rms difference of 2.96 s.

We interpret these estimates of the rms diffences as representing the average

overall errors in the A, B, and C grade measurements. CCnmodelled lower mantle structure

should be nearly identical for data with bounce points within 80 krn and at similar

azimuths). Under this interpretation we can write, for A-quality residuals,

OArms 2 = OAm 2 + Oepi 2 (2.A2)

Substituting values of OAsms and Oepi into (A2) yields OAm = 0.87 s. Similarly, for B and

C quality measurements, we find OBm = 1.94 s and OCm = 2.86 s. From (A1), the total

uncertainty for A, B, and C quality is, respectively, o A = 1.25 s, OB = 2.14 s, and o C =
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3.00 s.

In _ w_gh_! rcgrcssio. CXl_'hnems the A, B, and C quality measurcrr_ms are

weighted inversely by their measurement variance.
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APFENDIX 2.B: ERRORS IN THE ALONG-AXIS PROFILES AND CONSTRUCTION OF THE

DATA COVARIANCE MATRIX

Errors inBathymetry,Geoid, and TravelTime Profiles

Uncertaintiesinthealong-axisprofilesof geoid,Mthymetry, and uavel timesare

importantinformationinthe inversion.The gridded bathymetricdata[U.S.Naval

Oceanographic Office,1985] includecorrectionsforthedeviationof watercolumn acoustic

velocityfrom the assumed value of 1500 m s-I.The geoid data,provided in theform of a

0.25"x 0.2.5"grid[Marsh etal.,1986],includecorrectionsfororbiterrors,instrumentand

atmospheric propagationeffects,and solidEarth and ocean tides.

We have averaged the bathyme0"y and geoid heightvalueswithina I"x I"box

centeredateach SS bounce point.The averagingyieldsa representativevalue fora region

over approximatelyone horizontalwavelength of theSS wave and actstosmooth out

short-wavelengthvariations.Both bathymetry and geoid arecorrectedforsubsidence with

seafloorage,using theplatecoolingmodel [Parsons and Sclater,1977; Parsons and

Richter,1980]. Error introducedintodepth and geoid anomalies by isochronmislocation

isdifficulttoestimateprecisely,but foran errorin age of 2 My, depth and geoid errorsat

80 My would be about 30 m and 0.2 m, respectively,while at2 My, an errorinage of 2

My would have a much largeraffect,givingdepth and geoid errorsof 3.50m and 0.3 rn.

The magnitude of thiserrorhighlightstheimportance of accurateage determination,

especiallyatyoung ages.

The presence ofoceanic sedimentsisanothersourceof error.IntheAtlantic

Ocean, the sediment thicknessincreasesregularlyfrom lessthan I00 m along the Mid-

AtlanticRidge toward continentalmargins where itcan exceed Ikm [Ewing etal,1973;

Tucholke, 1986]. A l-kinsediment thicknessleadsto correctionstoresidualdepth and

geoid of about 500 m and 0.3 rn,respectively[Cazenave etal.,1988; Sheehan and
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McNutt, 1989]. On Atlantic lithosphere of 100 My age or less the sediment thickness is

less than 500 m in most areas. Hence, neglecting the sediment loading correction should

not be crucial in this region.

The along-axis profde of SS-S residual is a weighted moving average of 10

adjacent data points grouped by latitude, using the weights discussed in Appendix 2.A.

The same weights and moving average are applied to geoid and bathymetry values at a

given SS bounce point, even though bathymetry and geoid data are presumed to be of equal

quality, in order that these profiles will be consistent with the SS-S residuals. The standard

error of the mean values for SS-S residual ranges from 0.2 s to 1.6 s. For bathymetry the

range of standard deviations from the mean value is from 24 to 370 m, and for geoid, 0.08

to 1.0 m. The largest variances in the bathymetry and geoid data come from the Iceland

region (north of 60"N), and may be due to the more complicated tectonics of this region

[White, 1988].

Before Fourier transforming, the along-axis profiles must be interpolated to a

constant spacing. We use a simple linear interpolation scheme to estimate values at a 0.5"

spacing. We estimate that the typical error in the interpolated data is comparable to that in

the along-axis moving averages, which for bathyrnetry is on the order of 125 m, for geoid

0.4 m, and for travel time 1 s.

Effect of Crustal Thickness Variations

Our poor fit to topography in the inversion experiments can be at least partially

attributed m unmodelled effects such as crustal thickness differences. Variations in oceanic

crustal thickness about the typical value of 6-7 km [Spudich and Orcutt, 1980; White,

1984; Pard), and Derrick, 1986] are generally thought to be small at horizontal scales of

100 km and greater. However, the crust beneath the Azores plateau is estimated to be

between 8 and 9 km thick [Searle, 1976; Whitmarsh et al., 1982] and that beneath Iceland
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is at least 8 to 14 km thick [Bjornason, 1983]. By simple isostatic mass balance, the depth

anomaly due to excess crustal thickness in the Azores region would be about 400 m, and at

Iceland, 200 m to 1.6 kin. In general, simple variations in crustal thickness are insufficient

to produce a significant SS-S residual. For crustal and mantle S wave velocities of 3,5 and

4.4 km/s, a 2-km variation in crustal thickness would conn'ibute less than 0.2 s to an SS-S

differential travel time corrected for differences in bathymcn'y. However, at Iceland, where

the crust is estimated to be as much as 14 km thick, tbe additional SS-S travel time could be

up toO.8 s.

Data Covariance Matrix

The data covariance matrix Rdd is of the form

Oh(kl) 2 0 0 0 0 0 0 0 0

0 ... 0 0 0 0 0 0 0

0 0 Gh(kn) 2 0 0 0 0 0 0

0 0 0 aN(ki) 2 0 0 0 0 0

0 0 0 0 ... 0 0 0 0

0 0 0 0 0 ON(k,0 2 0 0 0

0 0 0 0 0 0 ot(kl) 2 0 0

0 0 0 0 0 0 0 ... 0

0 0 0 0 0 0 0 0 et(k,0 2

where Oh 2, ON2, and ot 2 are the nominal variances of the bathymetry, geoid, and

travel time data, respectively. We may choose to construct the data covariance matrix not to

reflect the true variance of the data but rather to allow weighting between the different data

sets. In this way, the data covariance matrix can be altered to test the relative contributions

of different data sets to the inversion results.
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In all of our inversions, the covariance matrix is constructed to weight the three

data sets aplxoximately equally. For example, examination of Figure 2. I 1 indicat_ that at

3000-kin wavelength the amplitude of the geoid signal is approximately 4 rn, bathymeu7 1

kin, and travel urne 2 s. Thus ff a value of 1 m is chosen for oN, then a value of 0.5 s for

at and 0.25 km for Oh should yield approximately equal weighting of dam sets. The

corresponding I/o2 valuesare then Iforgeoid,4 fortraveltime,and 16 forbathymetry.
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TABLE 2. I. Digital Seismograph Stations Used

Station Code Network Ladmde (°N) Longitude (°E)

ALQ DWWS,_ 34.942 - 106.458

ANMO SRO 34.946 - 106.457

ANID SRO 39.869 32.794

BCAO SRO 4.434 18.535

BER DWWSSN 60.387 5.326

BOCO SRO 4.587 -74.043
O1 DWWSSN 64.900 -147.793

GAC CAN 45.70 -75.47

GDH DWWSSN 69.250 -53.533

GRI_ SRO 49.692 11.222

JASI DWWSSN 37.947 -120.438

KISS DWWSSN 78.917 11.924

KEN' DWWSSN 69.755 27.007
KOND A_RO 59.649 9.598

LON DWWSSN 46.750 -121.810

NAPS 52.810 6.670
NEO6 NARS 50.100 4.600

N'E(_ NAPS 44,850 0.980
NEI0 NARS 43.090 -0.700

NEI I NAPS 41.480 -1.730

NEI2 NARS 40.640 -4.160
NE13 NARS 38.690 -4.090

NEI4 NARS 37.190 -3.600

NE15 NARS 50.810 5.780

NE16 NARS 45.763 3.103

NE17 NARS 39.881 -4.049

RSCP RSTN 35.600 -85.569

RSNT RSTN 62.480 - 114.592
RSNY RSTN 44.548 -74.530

RSON RSTN 50.859 -93.702

RSSD RSTN 44.120 -104.036

SCP DWWSSN 40.795 -77.865
SSB GEOSCOPE 45.280 4.540

TOg., DWWSSN 39.881 -4.049

WFM GEOSC'Y)_ 42.610 -71.490
ZOIK) ASRO -16.270 -68.125

ASRO = Abbreviated Seismic Research Observatory Network
CAN = Canadian Seismic Network

DWWSSN = DigitalWorld-Wide StandardizexiSeismograph Network

GEOSCP = Geoscop¢ Network

NARS = Network of Autonomous Recording Seismographs
RSTN = Regional Seismic Test Network
SRO = Seismic Research Observatory Network
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TABLE 2.2.Adopted Constants

Variable Description Value

0t 2.5 x 10-5 K -I (a)volumetriccoefficientof thermal

expansion

P0 averagemantledensity 3300 kg m "3

Pw densityof seawater I000 kg m -3

F gravitational constant 6.67 x 10"11 N m2kg "2

g surface gravitational acceleration 9.8 m s "2

bv_ thea'nmlcoefficientof -6.0x I0"4 km/s K "l

shearvelocity

variationof she,atvelocitywith Mg#

variation of densitywith Mg#

average SS ray parameter at 70"

_vs_Mg

_p/'OMg

P

1.8x 10-2kin/s/Mg# <b)

-12 kg/m3/Mg# Co)

0.1375 s/km

(a) Stacey [1977], Duffy and Anderson [1989]

(b) A/c/mow [1972]
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TABLE 2.3. Inversion Models and Variance Reduction

Model: Temperature variations only Variance reduction, %

Layer Viscosity
thickness structure AT ran2e total bathvm geoid SS-S
0-150 km cvm 180 K- 53 25 i9 58

0-150 km lvz 230 K 57 27 79 66
0-300 km cvm 60 K 47 21 85 41
0-300 km lvz 110 K 57 24 85 65
0-650 km cvm 20 K 41 14 91 25
0-650 km lvz 33 K 49 17 83 51

Model: Compositional variations only Variance reduction, %

Layer Viscosity
thickness structure AMg# range total bathvm _eoid SS-S
0-150 krn cvm 1.1 33 46 74 -9

0-150 krn lvz 2.4 44 75 76 -9
0-300 krn cvrn 0.4 33 29 87 -6
0-300 km lvz 1.3 43 73 73 -7
0-650 krn cvm 0.1 32 19 93 -3
0-650 krn lvz 0.5 49 65 86 +5

Model: Thermal and compositional variations in same layer Variance reduction, %

Layer Viscosity
thickness Sll'UCnn'e

0-150 km cvm
0-150 km lvz
0-300 km cvrn
0-300 krn lvz
0-650 km cvm
0-650 km lvz

AT ,SaMg#

range range total bathvm _eoid $S-S
210-I( 1.5- 75 44 78 100

235 K 2.1 86 75 80 100
110 K 0.7 73 28 89 100
125 K 1.1 84 74 76 100

55 K 0.4 71 18 94 100
60 K 0.8 85 66 88 100

Model: Thermal inversion in layers as noted, compositional variations 0-50 km only

Layer Viscosity
thickness structure

0-150 km cvm
0-150 km Ivz

0-300 km cvm
0-300 km Ivz

0-650 km cvrn
0-650 km Ivz

AT AMg# Variance reduction, %

range range total bathvm gcoid SS-S
210-I( 5.5- 84 83 77 91

240 K 4.5 85 85 70 96
80 K 5.9 80 84 86 72

120 K 4.7 86 90 77 89
25 K 6.0 73 85 92 47
35 K 4.6 75 82 73 71

cvrn = constantviscositymantle

lvz - mantle with low viscosityzone
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TABLE 2.4. Spccu'al Coefficients of Travel Time, Geoid,
and Bathymetry Data and of Inversion Solutions

Spectral Coefficients of Observations

Wavelength, Bathymeu'y Geoid SS

km amp phase amp phase amp phase
7104 0.97 -0.61 4.39 1.70 3.53 0.99
3552 3.25 -1.59 2.15 -1.08 2.73 -1.81
2368 3.25 2.12 0.85 -2.99 1.42 -1.12
1776 1.63 0.64 0.58 0.96 1.55 -3.00
1421 0.52 - 1.32 0.23 - 1.70 0.84 -2.62

Spectral Coefficients of Models (from Inversion)

Inversion for ten,_rature variations only

Constant Viscosity Mantle, 0-150 km
Wavelength, Bathymetry Geoid S S

km am phase phase amp phase
7104 1._0 1.36 a_.PT0 1.36 2.05 1.36

3552 1.82 -1.49 3.32 -1.49 1.98 -1.49
2368 0.49 2.71 0.83 2.71 0.53 2.71
1776 0.30 1.68 0.48 1.68 0.33 1.68o. 040

Tempcraa_

amp phase
3.48 1.36
3.36 - 1.49
0.91 2.71
0.56 1.68
0.68 -2.13

Wavelength,
km

7104
3552
2368
1776
1421

Temperature
Mantle with Low Viscosity Zone, 0-150 km

Bathymetry Geoid S S

amp phase amp phase amp phase
2.06 1.32 3.34 1.32 2.25 1.32
2.55 -1.59 2.25 -1.59 2.97 -1.59
0.48 2.46 0.21 2.46 0.61 2.46
0.39 2.44 0.14 2.44 0.52 2.44
0.48 -2.26 0.21 -2.26 0.67 -2.26

phase
2a_.l 1.32

3.84 -1.59

0.79 2.46
0.67 2.44
0.86 -2.26

Constant Viscosity Mantle, 0-300 krn
Wavelength, Bathyn_try Geoid S S Te_

phase phasekm am_ phase amp phase amap amp
1.31 1.49 3.54 1.497104 1.z7 1.49 4.41 1.49

3552 1.12 -1.41 3.41 -1.41 1.18 -1.41 3.20 -1.41
2368 0.35 2.84 0.94 2.84 0.38 2.84 1.03 2.84
1776 0.22 1.55 0.54 1.55 0.25 1.55 0.69 1.55
1421 0.26 -2.12 0.56 -2.12 0.31 -2.12 0.83 -2.12
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Wavelength,
krn

7104
3552
2368
1776
1421

Mande with Low Viscosity Zone, 0-300 km
Bathyr_try Geoid SS

phase phase am phase

0., _.1_ 0._ .0.0_ °.7, _._0._0._.,, 0._70._ 0.6,._.,,

Temperature

phase
21_.61.44

4.23 -1.59
0.331.94
1.033.11
0.91 -2.45

Constant Viscosity Mantle, 0-650 km
Wavelength, Bathyrnetry Geoid S S

km amp phase phase am phase
7104 0.73 1.58 4.am_7 1.58 0._PI 1.58

3552 0.65 -1.33 3.15 -1.33 0.68 -1.33
2368 0.23 2.98 0.93 2.98 0.28 2.98
1776 0.16 1.59 0.53 1.59 0.21 1.591,_ 0._0-_._6 0_7_._6 0_0_._6

Tempetatta-e

phase
3a_.7 1.58

3.13 -1.33
1.27 2.98
0.98 1.59

1.39 -2.16

Mantle with Low Viscosity Zone, 0-650 km

Wavelength, Bathymetry Geoid S S Temperature

km amp phase amp phase amp phase amp phase7_0, 0,_ _6 ,_7 x,_ 0_ 1_ _,_ ,_6
3552 1.33 -1.46 3.39 -1.46 1.73 -1.46 3.79 -1.46:_6_ oo_-_.o_ oo__.o_ o._ ._o_ o3,._o_
1776 0.36-3.09 0.40 0.05 0.99-3.09 2.16-3.09
1421 0.20-2.54 0.27 0.61 0.70-2.54 1.54-2.54

Inversion for compositional variations only

Constant Viscosity Mantle, 0-150 km
Wavelength, Bathymetry Geoid S S

km am phase am phase
7104 1.4P1 1.68 2.7_ 1.68

3552 1.48-1.27 2.69 -1.27
2368 1.18 2.39 2.01 2.39
1776 0.83 0.66 1.34 0.66
1421 0.24 -1.19 0.37 -1.19

0.33 1.87
0.27 -0.75
0.19 -2.48
0.06 1.96

Composition

2.93 -1.27
2.36 2.39
1.69 0.66
0.50 -1.19
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MantlewithLow ViscosityZone,O-150km
Wavelength, Bathymeu'y Geoid SS Composition

km phase am phase phase amp _p.ha_7104 1._ 1.67 2.3_ 1.67 0.3_-1.47 1.41

3552 2.35-1.35 2.06-1.35 0.56 1.79 2.42-1.35
2368 3.07 2.19 1.31 2.19 0.80-0.96 3.45 2.19
1776 1.87 0.56 0.66 0.56 0.52-2.58 2.23 0.56
1421 0.46-0.90 0.20-0.90 0.13 2.24 0.57-0.90

Wavelength,
km

7104
3552
2368
1776
1421

Constant Viscosity Mantle, 0-300 km
Bathymetry Geoid SS

_a.(_4 phase am phase hase1.68 3.6_ 1.68 0.2a_p -_.46

0.642.51 1.72 2.51 0.14 -0.63
0.51 0.70 1.24 0.70 0.12 -2.44
0.16 -1.25 0.36 -1.25 0.04 1.89

Temperature

amp hast
3.15 _168

2.76 -1.22

2.05 2.51
1.72 0.70
0.58 -1.25

Mantle with Low Viscosity Zone, 0-300 km

Wavelength,
km

7104
3552
2368
1776
1421

Bathymetry Geoid SS

am phase hase
1.am._o lP.h6a_¢ 3.3_ 1.68 0.21_-_.46

2.25 -1.34 2.10 -1.34 0.58 1.80

2.72 2.01 1.37 -1.13 0.88 -1.13
0.88 0.37 0.89 -2.78 0.35 -2.78

0.28 -0.22 0.25 2.93 0.12 2.93

Composition

amp hase
1.15 _.68

2.51 -1.34
3.842.01
1.510.37
0.54 -0.22

-

Wavelength,
krn

7104
3552
2368
1776
1421

Constant Viscosity Mantle, 0-650 km
Bathymetry Geoid SS

phase am phase phase
_m.81.69 4.0_ 1.69 0.1a_-1.45

0.53-1.18 2.58-1.18 0.121.97
0.372.63 1.462.63 0.09-0.51
0.340.72 1.140.72 0.09 -2.42
0.12-1.24 0.34-1.24 0.041.90

Composition
amp phase
2.95 1.69
2.61 -1.18
2.04 2.63
2.14 0.72
0.84 -1.24

Mantle with Low ViscosityZone, 0-650 km

Wavelength, Bathymeu'y Gcoid SS

km amp phase amip phase amp phase
7104 0.721.69 3.96 1.69 0.15 - 1.45

3552 1.04 -1.22 2.67 -1.22 0.28 1.92
2368 3.292.12 0.38 2.12 1.32 -1.02
1776 0.840.32 0.94 -2.83 0.48 -2.83
1421 0.240.13 0.33 -3.01 0.18 -3.01

Tcmperamrc

amp0.52
0.97 -1.22
4.552.12
1.650.32
0.610.13
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Inversion for both temperature and compositional variations

Constant Viscosity Mantle, O-150 km
Wavelength, Bathymctry Geoid SS

km amp phase phase am phase
7104 1.591.59 31_.01.59 3._30.99

3552 1.65-1.33 3.01-1.33 2.73-1.81_6_ _._o_.,_ _.__.,2 _4__
1776 0.740.75 1.190.75 1.55-3.00
1421 0.27-1.46 0.41-1.46 0.84-2.62

Temperature Composition

amp phase amp phase
3.601.042.61-2.58
2.88-1.76 1.590.69
1.12 -1.20 2.89 2.21
1.33 -3.07 2.56 0.35
0.81 -2.56 0.86 0.15

Wavelength,

km amp phase amp phase amp phase
7104 1.701.57 2.761.57 3.530.99

3552 2.84 -1.42 2.50 -1.42 2.73 -1.81
2368 2.922.21 1.252.21 1.42-1.12
1776 1.620.67 0.570.67 1.55-3.00
1421 0.52 -1.37 0.22 -1.37 0.84 -2.62

Mantle with Low Viscosity Zone, 0-150 km
II

Bathymctry Ge,oid SS T_ Composition

amp phase amp phase
3.591.051.63-2.63
3.13-1.74 0.96-0.49
0.63-1.32 3.742.15

1.103.09 2.650.45

0.83 -2.47 0.67 -0.32

Constant Viscosity Mantle, 0-300 km
Wavelength, Bathymetry Geoid SS Temperature Composition

km amp phase am
7104 1.101.64 3a_.2 Plh._ a_.5p3 phase phase phase0.99 3._91.033a_.5-2.41

3552 0.95-1.26 2.91-1.26 2.73-1.81 2.80-1.782.181.05,36_ 060,_ _.6__ _4_._,_ _6 _ _._6_9
1776 0.460.78 1.120.78 1.55-3.00 1.42-3.042.250.30
1421 0.18-1.49 0.40-1.49 0.84-2.62 0.83-2.580.870.26

Wavelength,
amkm am phase phase amp phase

7104 1._01.63 3._01.63 3.530.99

3552 2.75 -1.41 2.57 -1.41 2.73 -1.81
2368 2.56 2.01 1.29 -1.13 1,42 -1.12
1776 0.61 0.50 0.61 -2.64 1.55 -3.00
1421 0.21 -1,13 0.19 2.01 0.84 -2.62

Mantle with Low Viscosity Zone, 0-..300 km
Bathymctry Geoid SS Temperature Composition

alTlam phase phase
3._21.041._8-2.48

_,_._7_ _0_o_0_-xl0 ,0_ ,o1
o_o_1 0.6_ooo

Wavelength,
am Pkm amp phase phase amp phase

7104 0.671.67 4.151.67 3,530.99

3552 0.55 -1.21 2.71 -1.21 2.73 -1.81
2368 0.352.67 1.382.67 1.42-1.12
1776 0.310.80 1.020.80 1.55-3.00

1421 0.13 -1.52 0.38 -1.52 0.84 -2.62

Constant Viscosity Mantle, 0-650 km
Bathymctry Gcoid SS Temperature Composition

amp phase amtp phase
3.571,01 3.27-2.28
2.78 -1.79 2.43 1.18
1.32 -1.16 1.89 2.17
1.46 -3.04 2.03 0.28
0.84 -2.58 0.82 0.28
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Mantlewith Low Viscosity Zone, 0-650 km

Wavelength, Bathymctry Geoid SS
alTl amkm phase phase phase

7104 01_.51.66 4.P01.66 3._30.99

3552 1.16-1.28 2.97-1.28 2.73 -1.81
2368 3.252.14 0.382.14 1.42-1.12
1776 0.520.48 0.58-2.67 1.55-3.00
1421 0.11 -0.96 0.152.18 0.84-2.62

Tc_ Composition

amp phase amp phase
3.67 1.02 1.65-2.31

3.02 -1.76 0.900.83
0.20-2.03 4.302.12
1.28-3.08 1.640.30
0.84-2.53 0.530.09

Joint inversion for Temperature and Composition,

Composition variations constrained to be shallow

Constant Viscosity Mantle, 0-150 km
Wavelength, Bathymetry Geoid SS

km amtp phase amp phase amp phase
7104 0.38 2.41 3.491.37 3.751.28
3552 2.10 -1.32 3.36 -1.48 1.77 -1.70
2368 2.632.22 1.202.51 1.87-1.19
1776 1.620.57 0.651.16 1.52-2.96
1421 0.40 -0.93 0.49 -1.93 0.73 -2.70

Temperature Composition
amp phase amp phase
3.95 1.30 2.64 -1.97
2.36 -1.61 0.66 -0.52
1.31-1.33 3.42 2.11
1.22-3.09 2.34 0.39
0.76 -2.57 0.66 -0.06

Wavelength,

km amp hase am phase am phase
7104 0.65 P1.87 2._81.35 3._01.22

3552 2.91 -1.42 2.47 -1.46 2.67 -1.80
2368 2.39 2.26 1.84 2.24 1.18 -1.07
1776 1.30 0.75 1.13 0.58 1.44 -3.01
1421 0.49 - 1.50 0.29 - 1.07 0.82 -2.61

Mantle with Low Viscosity Zone, 0-150 km

Bathymctry Gcoid SS Temperature Composition
anl Lpamp phase phase

3.65 1.25 2.89-2.05

3.07 -1.72 1.08 -0.59

0.57-1.24 3.20 2.21

1.12 3.12 2.21 0.47
0.83 -2.48 0.56 -0.33

Wavelength,
kin am phase phase amp phase

7104 0._3-1.93 4a_.71.48 2.661.43

3552 1.80-1.33 3.37-1.41 0.70 -1.56
2368 2.942.17 0.912.88 1.81-1.20
1776 1.79 0.52 0.57 1.46 1.31 -2.91
1421 0.42 -0.72 0.55 -2.05 0.59 -2.78

Constant Viscosity Mantle, 0-300 kra
Bathymetry Geoid SS Temperature Composition

amam phase phase
3._31.452._6-1.76

1.84-1.470.89-1.19

1.46-3.062.250.41090,+6,06,
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Wave_ngth,
kin

7104
3552
2368
1776
1421

Mantle with Low Visco.sity Zone, 0-300 km
Bathymctry Geoid SS

0a_.4 phase amp
amp phase phase

_2Q22 4.27 1.44 3.15 1.38
2.86 -1.42 2.53 -1.47 2.65 -1.79
2.54 2.22 1.84 2.25 0.65-0.80
1.29 0.80 1.37 0.44 0.99-2.99
0.57 -1.64 0.34 -0.24 0.64 -2.58

Temperatm'e Composition

phase phase
3_. 2 1.40 3_. 2-1.83

3.62-1.71 1.16-0.69

0.09 0.50 3.02 2.24
0.88 3.04 1.82 0.62

0.86-2.42 0.49-I.10

Constant Viscosity Mantle, 0-650 kin
Wavelength, Bathymctry Ce,oid

amphase phase
7104 a_.._2-1.66 4._5 1.57

3552 1.84 -1.39 3.04 -1.33
2368 3.12 2.15 0.83 3.13
1776 1.86 0.51 0.54 1.55

SS Temperature Composition

amLp phaseamp phase phase amp
1.57 1.54 3.34 1.56 2.19-1.62
0.09 -0.64 1.39 -1.28 1.40 -1.42
1.64 -1.19 2.42 -1.35 3.60 2.09
1.17 -2.88 2.03 -3.04 2.23 0.43
0.54 -2.81 1.38 -2.62 0.58 -0.22

Mantle with Low Viscosity Zone, 0-650 km
Wavelength, Bathymctry Gcoid SS Temperanu-e Composition

Lp am ipkm amp phase amp phase am phase amp phase phase
7104 1.16-1.70 4.75 1.55 1.80 1.52 2.70 1.54 2.97-1.65
3552 1.94-1.31 3.44-1.45 1.27-1.64 3.25-1.55 1.13 -1.01
2368 2.40 2.26 1.86 2.23 1.09-1.04 0.99-1.21 3.32 2.23
1776 1.27 0.80 1.33 0.47 1.15-3.00 1.88 3.07 1.88 0.64

1421 0.56-1.63 0.32 -0.37 0.70-2.58 1.63-2.44 0.56-1.28

0-150 kin, 0-300 kin, 0-650 km = depths over which temperature or composition is
allowed to vary

amp = relative spectral amplitude. The amplitudes of both observed and predicted data
profilesarenormalized by dividingby theaverage spectralamplitudeof theobserved

profile. The amplitudes of model parameters are normalized by dividing by the average

spectralamplitudeof theparameterprofile.

phase = phase in radians
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Figure Captions

Figure 2.1. Schematic paths of S and SS phases. For the range of epicentral distances

considered in this study the bottoming depth for S ranges from 1450 to

2370 km, and for SS from 670 to 900 kin.

Figure 2.2. An example of the measurement of SS-S differential travel time for the

event of December 24, 1985 (10 km focal depth), at GDH (63" epicentral

distance). (a)"Synthetic" SS pulse generated from S. The S pulse is

windowed and attenuated to account for the additional time that SS travels

in the mantle (t* = 3 s), and a g/'2 phase shift is applied. (b) Windowed SS

wave pulse. (c) Cross-correlation of the trace in (b) with that in (a). The

differential travel time residual is -5.04 s.

Figure 2.3. Distribution of earthquakes (triangles) and seismograph stations (circles)

used to measure SS-S differential wavel times. Stations are from the

GDSN, NARS, and GEOSCOPE digital arrays. Earthquakes are from the

Harvard CMT catalogue (generally mb > 5.0) from the years 1977-1987.

Lambert equal area projection with pole of projection at 45"N, 40"W.

Figure 2.4. (a) Map view of SS-S residuals relative to PREM [Dziewonski and

Anderson, 1981], corrected for Earth eUipticity and seafloor bathymetry.

Residuals are plotted at the SS bounce point. The size of each symbol

scales linearly with magnitude of the residual. Lambert equal area

projection with pole of projection at 40"N, 60"W. Negative residuals
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indicateeitherearlySS or lateS. Plateboundaries are from DeMets etal.

[1990].

(b)Same as (a)but includingdataonly forSS bouncepoints on lithosphere

younger than I00 My.

Figure 2.5. SS-S navel time residualversussquare rootof se.affloorage fordatafrom

0-60"N. Each plottedpointrepresentsthe weighted mean of 14 adjacent

datapoints.Weights areconstructedfrom variancesdetermined as

discussedin Appendix A. Horizontaland verticalbarsarc standarderrors

of the means of the traveltime residualsand (age)I/2.Linear regression

yieldsa slopeof -0.68+ 0.08 s/(My) I/2fora 0-I00 My age range (solid

line)or -0.76+ 0.09 s/(My) I/2for a0-80 My range (dashed line).

Figure 2.6. Age-corrected SS-S residual (see text) versus azimuth 0. Each plotted

pointrepresentsthe weighted mean of I0 adjacentdatapoints.The solid

curve shows the best-fitting40 variationderived from thesedata. The

dashed curve shows the preferredmodel ofKuo etal.[1987],which

corresponds toan alignment of the a axisof olivineinthe approximate

directionN 13°W.

Figure 2.7. (a) Map view of age-correctedSS-S residuals.

(b)Sarnc as (a)but includingdata only with SS bounce pointson

lithosphereyounger than I00 My.

Figure 2.8. Map view of thedistributionof sampling azimuths. Lines indicatethe

wave path azimuth at the SS bounce point. Mercator projection.
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Figure 2.9. Age-corrected SS-S residual versus latitude along the Mid-Atlantic Ridge

from 10 to 90"N. The residuals shown are moving averages (such that

each point is used twice) of 12 adjacent data points. Bounce points on

lithosphere of age 0-100 My are used. The approximate locations of

several fracture zones (Fifteen-Twenty, Kane, Atlantis, Oceanographer,

and Charlie-Gibbs, denoted by abbreviations) and of the Iceland and

Azores hotspots are indicated.

Figure 2.10. Linear correlation, by highest harmonic degree removed from the geoid, of

observed SS-S residual with geoid height measured at the corresponding

SS bounce point. Both travel time and geoid residuals are age-corrected.

First the raw [Marsh et al., 1986] geoid data are correlated with SS-S

residuals and a slope and correlation coefficient determined. Then a geoid

reference field [l.arch et al., 1979] up to degree and order 2 (with taper to

degree and order 6) is calculated and removed from the geoid data, the

slope and correlation coefficient with SS-S calculated, and so on for

higher harmonic degrees f removed from the geoid data, with appropriate

tapers (up to f+ 4). (a) Linear correlation coefficient between geoid and

SS-S residuals vs. highest harmonic degree and order removed from the

geoid. Co) Slope of the correlation between geoid and SS-S data, as a

function of highest harmonic degree and order removed from the geoid.

Extra points at degree and order 10 are obtained by using different tapers

(no taper, taper to/'= 14, and taper to f= 15).

Figure 2.11. Comparative plots of age-corrected (a) bathymetry, (b) geoid, and (c) SS-S
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residualalong the Mid-AtlanticRidge, I0-65"N. Bathymetry and gcoid

have been high-pass f'fltered (see text). All of the residuals shown are

moving averages of 10 adjacent data points. Bounce points from

lithosphere of age 0-100 My are used, except that data from the Labrador

Sea region are omitted.

Figure 2.12. Upper mantle portion of the kernels for geoid and topography at two

wavelengths _, = 2_/k for two viscosity models. The convecting region in

both models is overlain by a high-viscosity layer 40 km thick, with

viscosity 104 that of the underlying mantle.

(a) High-viscosity lid is underlain by a mantle of uniform viscosity and

other physical parameters.

(b) High-viscosity lid is underlain by a zone extending to a depth of 200

km having a viscosity equal to 0.01 that of the underlying mantle.

Figure 2.13. Upper mantle portion of the kernels for geoid and topography at two

wavelengths in spherical versus cartesian coordinates. The convecting

region is overlain by a high-viscosity layer 40 km thick in each of two

models for viscosity structure.

(a) Underlying mantle is of uniform viscosity. Cartesian kernels are for

4000 km wavelength (solid lines) and spherical kernels are for t'= 10

(dashed lines).

(b) High-viscosity lid is underlain by zone extending to 200 km depth

having a viscosity equal to 0.01 that of the underlying mantle. Cartesian

kernels are for 4000 km wavelength and spherical kernels are for [= 10.

(c) Same as (a) but with Cartesian kernels for 6667 km wavelength and
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spherical kernels for [= 6.

(d) Same as (b) but with Cartesian kernels for 6667 km wavelength and

spherical kernels for [= 6.

Figure 2.14. Results of combined inversion of geoid, bathymetry, and SS-S travel time

residuals for upper mantle temperature variations. The viscosity structure

is taken to consist of a 40-kin-thick high-viscosity lid overlying a constant-

viscosity halfspace.

(a) Three solutions for along-axis temperature variations: Dotted line:

Temperature perturbations constrained to be uniform over 0-150 km

depth. Long-dashed line: Temperature perturbations constrained to be

uniform over 0-300 km depth. Short-dashed line: Temperature

perturbations constrained to be uniform over 0-650 km depth.

(b) Observed (solid line) and predicted along-axis profiles of SS-S travel

rime residual. The "observed" profile is actually a filtered version of the

observations, containing only the wavelengths used in the inversion (1400

to 7100 kin). Predicted prof'fles were calculated from equation 5. Line

types correspond to those of the temperature models.

(c) Observed and predicted along-axis gcoid profiles. Same treatment as

in (b).

(d) Observed and predicted along-axis bathymetry profiles, Same

treatn_nt as in (b).

Figure 2.15. Same as Figure 2.14 except for that the viscosity structure includes a zone

extending from the base of the lid to a depth of 200 krn with a viscosity

equal to 0.01 that of the underlying mantle.
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Figure 2.16. Resultsof combined inversionof geoid,bathymetry,and SS-S traveltime

residualsforvariationsinupper mantle composition (Mg#). The viscosity

structureistaken toconsistof a 40-km-thick high-viscositylidoverlyinga

constant-viscosityhalfspace.

(a)Three solutionsforalong-axiscomposition variations:Dotted line:

Composition perturbationsconstrainedto be uniform over 0-150 krn

depth. Long-dashed line:Composition perturbationsconstrainedto be

uniform over 0-300 km depth. Short-dashed line:Composition

perturbationsconstrainedto be uniform over 0-650 krn depth.

(b)Observed (solidline)and predictedalong-axisprofilesof SS-S travel

time residual.

(c)Observed and predictedalong-axisgcoid profiles.

(d)Observed and predictedalong-axisbathyrnctryprofiles.

Figure 2.17. Same as Figure 2.16 except for that the viscosity structure includes a zone

extending from the base of the lid to a depth of 200 krn with a viscosity

equal to 0.01 that of the underlying mantle.

Figure 2.18. Resultsof combined inversionof geoid,bathymetry,and SS-S traveltime

residuals for both upper mantle temperature and composition variations.

The viscosity structure is taken to consist of a 40-km-thick high-viscosity

lid overlying a constant-viscosity halfspace.

(a) Three solutions for along-axis temperature variations: Dotted line:

Composition perturbations constrained to be uniform over 0-1 50 km

depth. Long-dashed line: Composition perturbations constrained to be
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uniform over 0-300 km depth. Short-dashed line: Composition

perturbations constrained to be uniform over 0-650 km depth.

(b) Three solutions for along-axis composition variations: Dotted line:

Composition perturbations constrained to be uniform over 0-150 km

depth. Long-dashed line: Composition perturbations constrained to be

uniform over 0-300 km depth. Short-dashed line: Composition

perturbationsconstrainedto be uniform over 0-650 km depth.

(c)Observed (solidline)and predictedalong-axisprofilesof SS-S travel

time residual.

(d)Observed and predictedalong-axisgeoid profiles.

(e)Observed and predictedalong-axisbathymetry prof'des.

Figure 2.19. Same as Figure 2.18 except for that the viscosity structure includes a zone

extending from the base of the lid to a depth of 200 km with a viscosity

equal to 0.01 that of the underlying mantle.

Figure 2.20. Same as Figure 2.18 but compositional variations constrained to be from

0-50 km depth only.

Figure 2.21. Same as Figure 2.19 but compositional variations constrained to be from

0-50 km depth only.
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Chapter 3

Differential Shear Wave Attenuation and Its Lateral Variation

in the North Atlantic Region

INTRODUCTION

The rate of attenuation of seismic waves provides important infcmnation comple-

mentary to that provided by seismic velocities. Seismic attenuation can be strongly

affected by variations in the physical state and ternperamre field of the Earth's interim.

Recent analysis of global variations in Q structure using long-period surface waves

suggests that the most significant variations are confined to the upper mantle low-velocity,

low-Q zone [Ritzwoller et al., 1989] and that the main contributors to these variations are

the mid-ocean ridges (M.H. Ritzwoller, pers. comm., 1989). Earlier studies with body

waves suggest that the upper rnande beneath mid-ocean ridges should display a

significantly greater than average level of S-wave absorption [e.g., Molnar and Oliver,

1969; Solomon, 1973]. A more detailed analysis of mantle attenuation beneath ridges and

its variation with lithospheric age would do much to sharpen the inferences from global

models and to assess whether the observed lateral variations reflect differences in the

percentage of partial melt [Ritzwoller et al., 1989] or only in temperature.

There is considerable difficulty in relating laboratory experiments on seismic

properties to propagation characteristics in the mantle because of differences in pressure
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and temperana'c conditions beetween the two environments. Moreover, most laboratoD'

experimentsateconducted atfrequenciesmuch greaterthanthoseinthe seismicwave

band. Direct quantitative meas_t of variations in Q in the Earth are therefore

important. In this paper we present _ments of differential shear wave attenuation in

the north Atlantic and its variation with lithosphere age, and we utilize thermal models to

interpret the observations in terms of an empin'cal relation between differential attenuation

and t_'nperaturc. Our appro_h is to measure the spectral amplitude ratio of long-period

SS and S waves and toattributevariationsinthisratiotodifferentialattenuationof the SS

waves intheupper mantle nearthe bounce pointsof thesesurface-reflectedphases. This

work isa complement toour studyof SS-S differentialtraveltimesinthe northAtlantic

[Shtehan and Solomon, 1991; Chapter 2]. Sigkinand Jordan [1980b] and Revenaugh

and Jordan [1987]used the ScS phase asan effectivetooltomap lateralvariationsin

Q$c$, which measures thevertically-averagedQ of the entiremantle.The SS-S differential

attenuation_urcment does not sample thesignificantlateralheterogeneityatthebase of

the mantle [Dziewonski,1984] asdoes multipleScS. Such measurements thusprovide an

important complement to ScS studies and can serve to isolate the upper mantle contribution

to Q. The SS path segment in the upper mantle is not as nearly vertical as ScS, but many

more paths are possible for SS because shallow sources can be employed, in contrast to

ScSn, for which deep sources are normally required to avoid interference from surface

waves. The most important result of this study is the documentation of an increase in Qs

in the upper mantle with increasing plate age. We also examine along-axis variations in

differential attenuation, and we test whether they might be produced by along-axis

variations in temperature, such as those derived from the inversion of along-axis variations

in SS-S travel times, geoid, and bathymctry [Sheehan and Solomon, 1991; Chapter 2].
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MEASUREMENT OF DIFb--r.RENTIAL ATrENUATION

The seismic clam used in this study consist of long-period S and SS phases recorded

at digital stations in the Global Digital Seismic Network (GDSN) [Petersoa et al., I976;

Peterson and Hurt, 1982], the Network of Autonomously Recording Seismographs

(NARS), [Nolet and Vlaar, 1982], and the GEOSCOPE network [Romanowicz et al.,

1984]. We use only transversely polariz_ (SH) seismograms (rotated from N-S and E-W

components) to avoid interference from the SKS phase and contamination from P-SV

conversions at the base of the crust and other near-surface discontinuities.

A spectral ratio method is utilized to determine the differential aaenu_on between

the phases SS and S [e.g., Teng, 1968; Scfilue, 1981]. The spectral amplitude A of an S-

phase can be written as the product of terms for source AO(m,0,0), insu'ument Ai(c0),

crustal layering at the source Acs(m) and receiver Act(c0), and geometrical spreading G and

attenuation t* along the path, as

A(¢_) = A0(¢_,O, 0) Ai(¢_) Acs(_) Act(o) O exp (-g f t*) (3.1)

where

t* = f ds
J Q(s) V(s)

path (3.2)

and Q and V are the quality factor and wave velocity along the path s. For a given source

and station, the SS phase will have the same values of A0, Ai, Acs, Act as the S phase, so

taking the natural logarithm of the amplitude ratio,
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II

In(Ass/As) = -z f(tss-t_)-- x f St* (3.3)

where the differential attenuation &* = t*SS - t*S. Thus an estimate of &* may be

obtained from the negative of the slope of the log of the amplitude ratio.

In practice, the digital long-periodseismograms are rotated,and the transverse (SH)

component iswindowed toisolatethe S and SS pulses(Figure3.1a).Constant window

lengthsof 100 sare used forboth the S and SS phases. A Kaiser-Bessel[Hart/s,1978]

taper with 0t = 3 (the parameter ct controls the width of the central window versus the

sidelobe amplitude) is applied to each windowed pulse. This taper is an effective tool for

reducing amplitudes at the front and the tail of the window and acts to reduce the effects of

signalsnot associatedwith thephase of interest.We findthatitiscrucialtoform narrow

windows around the S and SS pulses,as thedifferentialattenuationvaluescan vary by as

much as I sdepending on how S and SS arewindowed. The amplitude spectrum of the

isolatedphase isthenobtained forthefrequency band 0.01 to0.15 I-Iz.The log of the

amplitudespectrum iscalculatedand then smoothed by takingrunning averagesover a

0.04-Hz band (Figures3.1b-c).An amplitude ratiospectrum (Figure3.1d)isformed by

subtractingthe log spectrum of the S phase (Figure3.1b)from thatof the SS pulse

(Figure3.Ic).The log amplitude ratiospectrum issmoothed by a moving average (0.02

Hz wide) beforea linearfitisderived.In generaltheamplituderatiosdecrease

systematicallywith frequency over theapproximate band 0.01 to0.08 Hz but above a

frequencybetween 0.07 and 0.11 Hz theamplituderatiostend toincrease.We attribute

thisincreasetonoisein both the S and SS phases. We measure the slopeof the log

amplitude ratiospecmma bctwecn a constantlower frequencyof 0.016 Hz and three

differentupper frequencies:0.08,0.095,and 0.11 Hz. The upper frequency cutoffthat

givesthemost negative(steepest)slopeisthatused tocalculate&*. Choosing the steepest
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slope may bias us toward large values of &*, but our motivation is to obtain the most

robust measure of attenuation and to avoid the part of the spectrum where the slope is

likely to be susceptible to noise. Uncertainties involved with the measurement of &* are

discussed further in Appendix 3.A.

As an alternative technique for measuring differential attenuation we have also

constructed stacks of amplitude ratio spectra for groups of SS-S pairs. Stacks are

consmacted by calculatinga mean valueof In (Ass/As) with correspondingstandarderror

at each frequency. A single slope is measured for the stacked spectrum, over the

frequency band 0.016 to 0.10 Hz. If we were to retain the use of variable cutoffs with the

spectra going into the stacks the high frequency values of In (Ass/As) would not have a

contribution from each seismogram and would thc_'efore not be representative of all of the

seismograms included in the stack. Since we choose a single cutoff frequency of 0.10 Hz

instead of picking the steepest slope, the values of &* from the stacks are consistendy

lower than those rrr.zsured individually. However, we find that the trends observed using

stackeddataare nearlyidenticalto thoseobtainedfrom theindividualmeasurements. The

analysispresentedintheremainder of thepaper isbased on individualmeasurements.

DATA

The north Atlantic region has a good distribution of events and stations at suitable

epicentral distances. Source-receiver separations were restricted to lie in the range 55" to

86" to ensure clear separation of S and ScS at greater distances and to avoid triplication in

SS at shorter distances. The SS and S phases bottom in the mantle between about 670 km

and 2300 Ion depth. Digital seismograms selected for spectral analysis are from the travel

time study of Sheehan and Solomon [1991]; see also Chapter 2. The distribution of

sources and stations used to measure SS-S attenuation is shown in Figure 3.2. The
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majority of clam used in this stuffy comes from eq_ fracture zone ear,quakes

at North American and European stations, nor_ and cenu'al Atlantic events

recorded at North American stations, Central American events recorded at European

stations, and Mediterranean and European earthquakesrecorded in North America. The

data set consists of over 150 &* values with $8 bounce points in the north Atlantic

(Figure 3.3). A tabulation of all &* values is given in Appendix II.

RESULTS

Contributions to &* can arise from any portion of the wave path. It is expected,

however, that &* will be controlled primarily by the upper mantle, where values of Q "1

are known to be large and variable [Solomon, 1972; SipMn and Jordan, 1980b] and where

seismic velocity and other physical properties also show significant lateral variation. We

interpret the variations in &* in terms of lateral variation in Q within the crust and upp_

mantle beneath the surface reflection points of the $S wave path. The validity of this

assumption is supported by the correlation, discussed further below, of &* with surface

tectonic features (and with sediment thickness) in the vicinity of the SS bounce point. In

addition, _ &* values correlate with the SS-S travel time residuals (Figure 3.4),

regression experiments by Kuo et al. [1987] and Woodward and Masters [1991] have

shown that the $S-S navel time residuals can be am-ibuted to lateral variations in upper

mantle s_ in the vicinity of the SS bounce point. The &* values are further

interpreted in re'ms of such upper mantle processes as lithospheric aging and along-axis

heterogeneity in mantle structure.
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Epicentral Distance Dependence

The value of &* increases with epicentral distance A ('Figure 3.5). Presumably this

effect is at least partly due to the S phase being increasingly less attenuated relative to SS

as a greater fraction of its path is in the high-Q deep mantle [Brune, 1977]. A simple

c(_'ection for epicentral distance A was made by fitting a straight line, &* = (0.054 +

0.019) A - 0.265, to the observed values of St* versus A (Figure 3.5). The slope of this

line is in approximate agreement with the predictions of several radial Q models [Anderson

and Hart, 1978;Anderson and Given, 1982] (Figure3.6).The form of thecorrectionfor

epicentraldistancedependence appliedto the individualmeasurements is

&*corr = &*old - (b A + a) + &*av (3.4)

where b = 0.054,a = -0.265,and &*av = 3.67 isthemean of allvaluesof &*.

Applicationof thiscorrectiondoes not substantiallyaffectthe relationbetween &* and

traveltimes (Figure3.7).

Lithospheric Aging

Cooling and thickening of the lithosphere should yield a tendency toward decreasing

seismic attenuation with increasing lithospheric age. A linear regression experiment was

performed to examine the correlation of &* with seafloor age. To obtain a representative

age value for the region spanning approx/mately one horizontal wavelength of the incident

(SS) wave, an average seafloor age was estimated for a 1" by 1" box centered on each SS

surface bounce point [Sheehan and Solomon, 1991]. Measurements from zones with

sediment thickness in excess of 1 km were excluded from the final age regression to avoid

potentially large contributions from the low-Q sediments. Although the SS wave samples

the upper mantle over a range of ages, we expect that the differential attenuation
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contributedby the SS path segments on the younger and oldersidesof thebounce point

approximately cancel so that the age at the SS surface bounce point is representative.

The &* values for the north Atlantic ate consistent with the expectation of a

in attenuation with increasing seafloor age. The slopo derived by line, at

regression of &* with squa_ root of age is -0.20 + 0.07 s My -I/2 from 0 to I00 My, with

a linear correlation coefficient of -0.97 (Figure 3.8a). This slope is consistent with

observations of increasing Qs with lithosphere age [Canas and Mitchell, 198 I; S_vkin and

Jordan, 1980b; Revenaugh aadJordan, 1987]. The trend of deceasing at_nuation with

incre, asing seafloor age is in the same sense as that for SS-S travel times for this region

[Sheehan and Solomon, 1991] (Figure 3.8b).

To look for other systematic variations in the differential attenuation

measurements, we correctforage tby removing the linear relationshown by the dashed

lineinFigure 3.8a. The form of theage correctionfortheindividualmeasurements is

St*con- = St*old - (b t 1/2 + a) + 8t*av (3.5)

where b = -0.20, a = 4.71, and 8t*av = 3.42 is the average of all data after application of

equation 3.4.

Spatial Patterns of Age-corrected _'

After removal of tim age-dependence of &*, we may then search for systematic

variations along the Mid-Atlantic Ridge. Such variations at'e seen in SS-S differential

navel times and arc attributable to along-axis differences in upper rnanfle temperature and

composition [Sheehan and Solomon, 1991; Chapter 2]. A north-south profile of St*

values, constructe_l with averages of 10 adjacent data points grouped by latitude, is shown

in Figure 3.9. In order to maintain consistency with our earlier travel dsm study [Sheehan
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and Solomon, 1991] and to avoid possible biases associated with deviations from the

simple plate cooling model, the along-axis &* profile is constructed using data with

bounce points on lithosphere less than 100 My in age. Systematic variations of &* are

evident with latitude, i.e., along the direction of the Mid-Atlantic Ridge axis. The along-

axis variations show a variety of scales, notably at wavelengths of about 1000 - 2000 km

in the region from about 15 to 35"N, and at about 6000 km wavelength from large &*

(high attenuation, low Q) in the south (20-35"N) to lesser &* (low attenuation, high Q)

farther north (45-60"N). These variations are qualitatively similar to the along-axis pattern

of travel time residuals [Sheehan and Solomon, 1991; Chapter 2] and axe also plausibly

the result of thermal or compositional variations along the axis of the Mid-Adantic Ridge.

VELOCITY AND Q AS FUNCTIONS OF LrrHosPHERIC TEMPERATURE

Because of the strong temperature dependence of both shear wave velocity and

attenuation, the most straightforward hypothesis to explain the variations of SS-S travel

time residual and differential attenuation with age is that both variations are due entirely to

lateral variation in the thermal structure of the lithosphere, i.e., c¢_ling of the oceanic

plate. We have tested this hypothesis against the observed SS-S travel time delays as a

function of age by means of the plate cooling model of Parsons and Sclater [1977].

Geotherms for different ages, according to this model, are shown in Figure 3.10.

Temperatm_ perturbations AT can be converted to a seismic velocity perturbation by

assuming that velocity varies linearly with AT and adopting a value for the partial

derivative of shear wave velocity with respect to temperature, _Vs/i_T. The resulting two-

way travel time perturbation, as a function of horizontal wave number k, is given by
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23v-- s f- .A-Tg"z-2
at 0,)= aTzJ Vs(z)2(1- p Vs(z)z)

(3.6)

where Vs(z) is from the reference shear velocity model [Dziewonski and Anderson, 1981 ],

z is depth, p is the ray parameter, generally taken to be a representative value (0.1375

s/kin) for the range of epicentral distances considered here, and zmin and knax are the

upper and lower boundaries of the region of significant lateral variations in teagg'rature.

We choose 50 My as a reference age, so that temperatta'e anomalies are obtained by

subtracting the geothcrm at 50 My from the gcotherm at an arbitrary age t : AT t (z) -- T t

(z) - T.s0 (z). We use a value of -0.6 m s-I K -1 for _Vs/_T. This value is a factor of 1.5

higher than the experimental values of Anderson etal. [1968] and Kumazawa and

Anderson [1969] for olivine at standard temperature and pressure but is comparable to the

value of-0.62 m s-1 K -1 determined by McNutt and Judge [1990] by a least squares fit of

Love-wave phase velocities to a temperature model for the lithosphere.

The SS-S travel time delays predicted by the plate cooling model (Figure 3.11) are

in excellent agreement with observed values (Figure 3.8b). The slope derived by linear

regression of observed SS-S residual with square root of age is -0.68 + 0.08 s My -it2 for

bounce points between 0" and 60"N latitude and for ages between 0 and 100 My, with a

linear correlation coefficient of -0.85 (Figure 3.8b). The value obtained using only that

subset of the travel time data in common with the differential attenuation measurements is

-0.74:1: 0.10 s My "1/'2. For comparison, the slope calculated from the plate cooling model

for 0-100 My age is -0.64 + 0.01 s My -1/2. The trend of the travel time residual versus

age flattens out at about 80 to 100 My for both the observed and predicted residuals.

These results support the hypothesis that most, if not all, of the dependence of travel time

residual on plate age is due to plate cooling and does not require an additional contribution

from below the lithosphere.



107

We next compare the age dependence of the observed &* values with lithospheric

te_ predicted by the plate cooling model. Specifically, we infer possible Q-L

temperature relations through the simultaneous use of the observed &*-age relation and

geotherms as functions of lithospheric age as predicted by Parsons and Sclater [1977].

Assuming that the differential attenuation &* arises solely from the upper mantle portion

of the SS path, we can express &* as

&*= 2 [
J 2V_. 1/2

p.thQ$(z) V$(z) (1-p s(Z)) (3.7)

where Qs and VS are the shear wave Q and velocity along the path, respectively, and p is

the ray parameter.

We choose to parameterize Q fm_r in terms of temperature, following the

Arrhenius law

Q-I = A-I exp [-E / (R T(z))] (3.8)

where the constantE isan activationenergy and R isthe gas constant.Substitutingthis

relation into equation 3.7, we obtain

&,=2 1 dz
p,th A eE/RT(z)Vs(z) (1-p2V2ss(Z)) 1/2

(3.9)

Thus an estimate of &* can be obtained by integration, given a velocity model, a

geotherm, and the constants A and E. From t* and T(z) at a number of lithospheric ages,

we can formulate an inversion for the paran_ters A and E by taking the derivatives of &*

with respect to the model perameters and solving for _ons to initial estimates of A
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and E that minimize the difference between observed and calculated values of &*. The use

of a constant activation energy might not be appropriate, as there may be several processes

acting to produce the observed attenuation, each with its own activation energy. Despite

these drawbacks, it is useful to try to parameterizc Q in this way as it allows us to test

whether or not a single thermally activated process can describe the observations.

Since differential travel time versus age is well modelled if temperature variations

are confined to the lithosphere, we solve for Q as a function of temperature in the

lithosphere only. We aSSUl_ a constant value of Q for the asthenosphere; specifically we

adopt a value of 130 for Q in the depth range 125 - 500 km, which is the average value for

this region given in the PREM Q model [Dziewonski and Anderson, 1981]. This

asthenospheric contribution to _t* obtained from integrating equation 3.7 over the depth

range 125 to 500 km is approximately 1.7 s.

The inversion for constants A and E indicates that equation 3.8 and the

assumption that lateral temperature varitiations are confined to the lithosphere provide a

good fit to observed values of St* (Figure 3.12). The best fitting values of A and E are

1.67 and 35 ld mo1-1, respectively.

Wealso tested whether the lalx_tory-derived Q-temperature relation of Sato and

Sacks [1989] also matches the observed St* values. From equations (1) and (2) of Sato

and Sacks [1989] and assuming QP/Qs = 2.25, we obtain

Q-s 2.25 [ 3.5 +
P(z) Trn(Z)

0.073 ] exp { -g [ _ - a ] }T(z) (3.10)

where P(z)ispressureas a functionofdepth z,Tm isthe solidustemperature,T(z)/Tm(z)

is the homologous temperature, and g and a are piecewise constant functions of T/Tm. We

substitute this relation into equation 3.7 and integrate over depth to estimate the

Lithospheric contribution to &* (Figure 3.12). Including the asthenospheric conlribution
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tot*would add a constantof about 1.7sto theplotte_l&* values.The variationof t*

versusage Ixedictcdby equation3.10ismuch greaterthanthatobserved.

We also examined several other parameterizations of Qs "1 in an attempt to assess

the irnportanceof pressureand homologous temperaturedependence. A bestfitfor the

paramctm'izationQ-I = A-I exp [-cTm(z)/T (z)]produced constantsof 2.86 forA and 2.05

forc,and an equallygood fittotheobserved t* valuesas thatobtained usingequation 3.8.

The parametm'izationQ-I = [A + b P(z)]q exp [-cTm(z)/T (z)]proved tobe more

problematic, as we wcrc invcr_g for three parameters (A, b, and c) with a limited amount

of data, and strong tradeoffs between these different paran_ters contribute to a

nonuniquencss in the solution. We were able to obtain good fits to the data using widely

different values of A, b, and c, and we had difficulty converging to physically reasonable

solutions. For example, the values 2,1, and 1.7 for A, b, and c produce an rms misfit of

0.12 s, whereas the values 3.5 x 10 -2, -7.7 x 10-3, and 7.61 for A, b, and c produce an

rms misfit of only 0.08 s. We would not expect a negative pressure dependence on Q as

this last relation predicts, as Q generally increases with depth in the Earth. Sornc form of

pressure dependence is warranted to avoid Q values that arc too low at depth. A

paramctcrization in terms of an activation volume will be attempted in a future study.

Predicted distributions of Qs versus depth obtained using the different Q-

tcrrgg'rature paran_terizations arc shown in Figure 3.13 for two different lithospheric

ages. The Sato and Sacks [ 1989] relation predicts Q values which am in general higher

(except at very young ages) than the parameterizations more consistent with our data. The

thr_ Qs profiles shown as dashed lines arc all nearly equally consistent with our &*

observations versus age.
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DISCUSSION

ThedifferencesbetweentheQ'l-temperamrerelationswederivedfor oceanic

lithosphere and those reported from laboratory measurements warrant discussion. The

Q-l-temperature relation of Sato et al. [1989] was obtained from laboratory measurements

of P wave attenuation in peridotite at high temperature and pressure (but ultrasonic

frequencies). Sato and Sacks [1989] argue that relationships between Q and temperature

at ultrasonic frequencies can be extrapolated to the seismic band on the basis of the

observed frequency independence of Q at ultrasonic frequencies and the prediction of

reasonable mantle temperatures with their model. Their model actually tends to

underpredict mantle temperatures, and to account for this diffexence they invoke a relation

Qp'/Qp -- 1.7 to 2.5 where Qp' and QI' are quality factors of compressional waves for

seismic and laboratory studies, respectively. Thus, they suggest that seismic Q will be a

factor of about 2 greater than laboratory Q. We fred that our seismically derived Q-l_

temperature relation predicts smaller relative variations in upper mantle Q.1 resulting from

a given temperature difference than predicted by the experimentally obtained relations.

Many factors could contribute to these discrepancies, including differences in frequency,

pressure, temperature, and mineralogy. It is likely that different mechanisms for Q operate

under these different conditions, each process having its own activation energy. Possible

mechanisms for Q include partial melting, viscous grain boundary migration, and

dislocation motion [e.g., Guegen et a/., 1981]. The observation that laboratory Q scales

with homologous temperature [Sato and Sacks, 1989] is purely empirical. We have found

that the &* values predicted by the Sato and Sacks [ 1989] relation can vary significantly

upon application of slightly different solidus temperatures. For example, we found that

the &* versus age relation predicted from the Sato and Sacks [1989] relation and

employing the WyUie [1971] dry peridotite solidus differed significantly from that
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predicted using the Takahash/[1986] di'y peridotite solidus. This effect is most

pronounced at temperatures near to and exceeding the solidus.

We have not included the possibility of a small degree of melt fraction on &*. The

influence of partial melt on seismic attenuation depends on the melt fraction and the

geometry of its distribution [Cooper and Kohlstedt, 1986]. Melt affects velocities through

a direct effect on the elastic moduli and a dispersive effect of relaxation or attenuation. The

volume fraction and geometrical distribution of any melt in the mantle, however, are not

known. Sam etal. [1989] and Kampfmann andBerc/chemer [198:5] downplay the

imtxxtance of the melt phase on anelasticity, at least for temperatures not significantly

above the solidus, and instead suggest that variations in temperature alone are sufficient to

produce observed Q variations in the Earth. In their experiments with perkiodte Sato et o2.

[1989] find that there is no large change in Q on first melting but rather a steady change

with texture. Kampfmann and Berc/chemer [1985] similarly observe no large effect at

slightly super-solidus temperatures. However, the Kampfrnann and BertJwmer [ 1985]

samples included significant melt, so it is difficult to separate clearly the effects of melt

from those due solely to ternperatme. Goerze [ 1977] suggests that extrapolated laboratory

creep data on unmelted olivines are compatible with geophysical evidence regarding the

rheology of the upper mantle. Solomon [1973] reported a narrow (no wider than 100 km

and shallower than 50 to 150 km deep) zone of low Q centered along the Mid-Atlantic

Ridge axis, which he attributed to the presence of partial melt, and Molnar and Oliver

[1969] found that Sn does not propagate efficiently in the immediate vicinity of the Mid-

Atlantic Ridge, consistent with the presence of a narrow low-Q zone at the ridge. The

observations in this work lack the resolution to discern the presence of such a narrow low-

Q feature, but our data are consistent with the hypothesis that low Q beneath young

oceanic lithosphere is due simply to elevated temperature.
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The values that we obtain for Q" 1 averaged over depth in the lithosphere are high,

with Q-1 values ranging from 0.016 to 0.033 (Q=- 30 to 60), with the range in Q-I values

associatedwith therange of lithosphericages from 0-100 My. This range isconsistent

with thevalues(Q-I = 0.018 to0.052,Q =19 to55) found forQ-l in theupper 220 km

beneath the Lau back-arcspreadingcenter[Flanagan and Wiena, 1990],but higherthan

thevalue of 0.014 forQ-I (Q ffi70) atdepthsbetween 75 and 150 km beneath theEast

PacificRise regionobtainedby Ding and Grand [1987]. The Ding and Grand [1987]

study did not reportQ-l valuesfordepthsshallowerthan75 kin. Canas and Mitchell

[1981]examined attenuationof Rayleigh waves inthenorthAtlanticand determined Q-I as

a functionof depth and age;theirFigures6 and 7 can be compared with our Figure 3.13.

They found thata low-Q zone isprominent intheupper mantle of allregionsyounger than

6.5My inage but thatsuch a zone ispoorlydeveloped inotherregions.The Q-l valuesin

theirlow-Q zone range from approximately 0.010 to0.020 (Q = 50 to I00).

We may alsoestimatetheaveragedifferenceinQ-l between S and SS inthe upper

mantle by means of the simple equation of &* to the product of differential travel time and

average Q-t, where the travel time is the differential travel time of SS and S and t* has the

value of &*. We obtain Q-I = 0.012 (Q = 82). This value likely represents an average

Q.l across the oceanic upper mantle (0-650 km). This value is consistent with the average

upper mantle Q-1 value of 0.012 (Q = 82) obtained in a study of multiple ScS waves by

Revenaugh and Jordan [ 1987]. Thus our &* measurements arc consistent with other

observations of seismic attenuation in the lithosphere and asthenosphere in general and of

low Q nearactivespreadingcentersinparticular.

As a furthertestof our Q" l.temperature relation,we taketheupper mantle

ternpemturevariationsobtainedfrom theinversionof SS-S differentialtraveltime

residuals,gcoid,and bathymetry along theaxisof the Mid-AtlanticRidge [Sheehan and

Solomon, 1991; Chapter 2]and predictthecorrespondingpatternof &* along the ridge
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axis. In Figure 3.14 we compare the observed pattern of along-axis variations in &* with

those produced assuming the Q'l-te_ture relation from equation 3.8. The predicted

value of &* is obtained from equation 3.9, where T(z) is the sum of the Parsons and

Sclater [1977] geotherm at a reference age and the average differential temperature AT

obtained from the inversion. Below the lithosphere, T(z) is obtained by adding AT to an

adiabatic temperature gradient. We found that the predicted &* variations depend on the

choice of reference g_ To obtain an average representative &* variation for the

range of lithospheric ages that we sample, we calculate &* using the geothenn for each of

the seven ages of the data groups in Figure 3.12, and we perform an arithmetic average to

obtain the final &*. Along-axis profiles were calculated for all four Q-temperature

relations examined in this study.

Fits between the observed and predicted prof'des of &* shown in Figure 3.14 are not

as good as we might have expected after a visual inspection of the apparent qualitative

correlation between travel time and &*. We obtain variance reductions of about 25% for

the models shown. A large part of the misfit in phase is due to an offset in the latitude at

which the peak residuals in travel time and &* are observed in the vicinity of 30"N. Both

the observed and predicted &* profiles indicate low attenuation in the region near 50"N. If

the observed &* profile had been included in the inversion it is likely that a better fit could

have been obtained for the &* data but at the expense of the fits to the geoid, travel time,

and bathymetry profiles. The along-axis &* profiles obtained using the Sato and Sacks

[1989] Q-temperature relation are somewhat different (Figure 3.15), with relative

variations in &* larger than the observed.

Profiles of &* were also constructed from temperature variations obtained from the

joint inversion of travel time, geoid, and bathymetry for both temperattue and composition

[Sheehan and Solomon, 1991; Chapter 2]. These temperature profiles are influenced more

strongly by the travel time residuals (relative to geoid and bathymetry) than are those
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produced by theinversionfortemperatureonly. No attempthas been made toincludea

compositionaldependence of Q "I,so themodel &* valuesarcthosepre.zlictedfrom the

thermalperturbationsonly. We find[hat[he &* profdespredictedfrom [hosetemperature

variationsaregenerallyinsomewhat betteragreement with the&* observationsthan those

consm,_c;Jxlusingthe mmperatur¢ perturbationsresultingfrom the inversionfor

tc_mrc variationsonly.

CONCLUSIONS

We have measured SS-S differentialattenuation &* inthe northAtlanticregionfrom

about 150 wave pairs.Aftercorrecting&* forepiccntraldistancewe findthat&*

dccma_s with increasingseafloorage. We do not observe evidence fora narrow region

of very low Q along theaxisof the Mid-AtlanticRidge as rcporte.dby Solomon [1973],

although thismay be due tothelimitedspatialresolutionof thelong-periodshearwaves

utilizedinour study.

We have derivedempiricalQ-l-temperaturerelationsby comparing rncasurcrncntsof

&* with valuespredictedunder theassumptions that&* variationsarisefrom lithospheric

coolingand thatthe tcmperam_ structureas a functionof lithosphcricage isthatgiven by

theplatocoolingmodel [Parsons and Sclater,1977].The Q'l-tcmperann_ relationthat

bestfitsour observationspredictssmallervariationsof Q'lwith temperature,especiallyat

young ages,thanthe Q-temperature relationof Saw and Sacks [1989] derivedfrom

laborato_,measurements of Qp-l ina spinellhcrzolitcatultrasonicfrequencies.

Systematicvariationsof &* along theaxisof theMid-AtlanticRidge arc alsoseen. These

variationsarc broadlyconsistentwith thealong-axisvariationsinm_ure derivedfrom

an inversionof differentialtraveltimeresidualsand gcoid and bathymcu'y anomalies.

Theoreticalalong-axisprofilesof &* arcconstructedfrom thealong-axisvariations
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derivedinChapter 2 of thisthesisand theQ-temperature relationdcrivcdhere.
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APPENDIX 3.A: ESTIMATION OF ERRORS FOR SS-S DWFFAtEN'rV_ ATTENUATION (_*)

It is important to quantify the mr.cminties in the measurements from individual and

stacked spectra of &*. After windowing and calculating spectra, tbe "quality" of each

individual &* mcasm'cn_nt is rated and a grade is assigned. Our assignrnent of quality is

largely subjective and based upon visual inspection of the waveforms and amplitude

spectra of S and SS waves, and of samples of noise backgroumL taking into account the

clarity of the seismogram and shape of the amplitude spectral ratio. An "A" quality grade

indicates that both S and SS pulses arc well above the noise level and the amplitude

spectral ratio shows a smooth decrease with frequency. "B" quality indicates good signal

to noise ratios but an amplitude spectral ratio not as smooth, and a "C" quality grade

indicates lower signal to noise ratios or log spectral ratios poorly fit by a straight line. In

addition to A, B, and C grades, there were data that were rejected because of a poor signal

to noise ratio for either the S or SS phase, or an irregular spectral ratio.

As an objective means to obtain estimates of error, we examine the scatter in

measurements of various quality within a small region. We measured the root mean

squared (rms) difference between &* of the same grade (A, B, or C) with bounce points

separated by less than 100 lan and with differences in path azimuth at the bounce point of

less than 10". A 100-1ml distance is less than the horizontal wavelength of SS (which is

about 180 km at 25 s period), so we do not expect much contribution to the rms difference

from lateral variation in strucnn'c. The rms difference for 8 residual pairs of A quality

which were within 100 km of each other was 3.4 s. For B quality picks, an rrns

difference of 3.8 s was measured using 17 residual pairs, and for C quality picks 20

residual pairs yielded an rms difference of 3.3 s. The rms values arc strongly affected by

a few outliers, so rms values were also calculated without these estimates. Tbe resulting
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rms values were 1.9 s for 6 A-quality &* pairs, 2.8 s for 13 B-quality pairs, and 2.6 s for

17 C-quality pairs. Part of the reason that the rms values for the C-quality data are less

than those for the B-quality measurements is that the mean values of the first group of

measurements are smaller and thus the rms differences are also smaller. The C-quality

measurementsareoftensmallerbecauseofincreasednoiseathighfrequencieswhich

resultsina flatteningoftheslopeofthespecu'alamplituderatios.

BecauseofthebiasofC-qualityesdmatcstowardslow valuesof&*, we usethe

estimates of the rms dfffe:ences only as an approximate guide for estimating the average

overall errors in the A-, B-, and C-grade measurements. Our final choice of rreasurernent

errors used for relative weighting of the differently graded measurements is aA = 1.9 s,

aB = 2.7 s, and OC = 3.5 s. In the weighted regression experiments the A-, B-, and C-

quality measurements are weighted inversely by their tmasurement variance.
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Figure Captions

Figure 3.1. An example of the measurement of SS-S differential attenuation for the

event of December 24, 1985, at GDH. (a) Displacement seismogram with

S and SS phases windowed. (b) Natural log of the amplitude spectrum of

the S phase. (c) Natural log of the amplitude spectrum of the SS phase.

(d) Natural log of the ratio of the amplitude _ of the SS and S

phases. Solid line is a least squares fit to the ratio from 0.01 to 0.08 Hz.

Figure 3.2. Distribution of earthquakes (triangles) and seismograph stations (circles)

used to measure SS-S differential attenuation. Stations are from the

GDSN, NARS, and GEOSCOPE digital networks. Earthquakes are from

the Harvard CMT catalogue (generally mb > 5.0) from the years 1977-

1987. Lambert equal-area projection with the pole of projection at 45"N,

40"W.

Figure 3.3. Distribution of SS bounce points. Map projection as in Figure 3.2.

Figure 3.4. SS-S differential attenuation (&*) versus SS-S travel time residual. Each

point represents the weighted mean of 38 data points adjacent in SS-S

residual (x-axis). Weights are constructed from variances as discussed in

Appendix 3.A. Horizontal and vertical bars are standard errors of the

_s. Linear regression yields a slope of 0.10 + 0.04.

Figure 3.5. SS-S differential attenuation versus epicentral distance. Each point

represents the weighted mean of 38 points adjacent in epicentral distance
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(x-axis). Horizontal and vertical bars are standard errors of the means.

Linear regression yields a slope of 0.05 + 0.02 s/degree (line).

Figure 3.6. Comparison of observed SS-S differential attenuation versus epicentral

distance with predictions from several radial Q models [Anderson and

Hart, 1978; Anderson and Given, 1982].

Figure 3.7. Distanee-corrected SS-S differential attenuation (&*) versus SS-S travel

time residual. Each point represents the weighted mean of 38 adjacent

data points.Linear regressionyieldsa slopeof 0.09 -I-0.04.

Figure 3.8. (a) Distance-corrected SS-S differential attenuation (St*) versus square

root of seafloor age. Each point represents the weighted mean of 38

adjacent data points. Horizontal and vertical bars are standard errors of

the means. Linear regression yields a slope of -0.20 -t- 0.07 s,/(My) 1/'2 for

an age range of0-I00 My (solidline).

(b) SS-S traveltime residualsversussquarerootof sea.floorage inthe

north Atlantic, from Sheehan andSolomon [1991]. Each point represents

theweighted mean of 14 adjacentdatapoints.Horizontaland verticalbars

are standarderrorsof the means. Linearregressionyieldsa slopeof-0.68

± 0.08 s/(My) I/2fora 0-I00 My age range (solidline)or -0.76± 0.09 s/

(My) I/'2fora 0-80 My range (dashed line).

Figure 3.9. (a) SS-S differential attenuation, corrected for epicentral distance and

lithospheric age, versus latitude along the Mid-Atlantic Ridge, 10-70"N.

Values shown are moving averages (such that each point is used twice) of
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12 adjacent data points fi'om lithosphere of age 0.100 My. See the text for

data reduction procedures. The location of tim Ic,¢land and Azores hot.spots

are indicated.

Co) Age-correct_ SS-S travel time residual versus latitude along the Mid-

Atlantic Ridge, 10-70"N. The residuals shown are moving averages of l0

adjacent data points from lithosphere of age 0.100 My.

Figure 3.10. at several different lithospheric ages predicted by the plate

cooling model of Parsons and Sclcaer [ 1977]. Solidus for peddotite

(dashed line) after Takahash/[1986].

Figure 3.11. SS-S differential travel time residual versus plate age, as predicted by the

plate cooling model at a number of discrete ages. Linear regression yields

a slope of -0.64:1:0.01 s/My 1/2 for a O- 100-My age range (solid line).

Note that a 50-My age corresponds to zero residual by convention.

Figure 3.12. Observed (solid circles, with error bars) and predicted (triangles and

squares) &* values versus age. Triangles show &* values for the

lithospheric portion of the SS wave path calculated assuming plate cooling

geotherms, the Takahashi [ 1986] peridodte solidus, and the Q-temperature

relation of Saw and Sacks [1989]. Squares indicate &* values for entire

upper mantle (0-500 km) portion of the SS wave path from nonlinear

iterative inversion of the observed &* versus age data for the constants A

and E in the Q-texture relation Q-1 -_ A-I exp [-E / RT(z)]. This

relation is assumed to hold over 0-125 km depth; a constant Q of 130 is

assumed for 125-500 km depth.
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Figure 3.13. (a) Qs versus depth (loglo scale) at a lithospheric age of 20 My,

calculated from nonLinear least squares inversion of observed St* versus

age assuming different parameteaizations of Q in t_rms of temperature and

pressure (dashed lines), and from forward modelling with the Sato and

Sacks [ 1989] Q-temperature relation (solid line). Middle dashed line, Q-1

= 0.6 exp [-35/RT(z)]. Short dashed line, Q-1 = 0.35 exp [-2.05

Tm(z)/T(z)]. Long dashed line, Q.I = [2.0 + P(z)] "l exp [-1.7

Tm(z)/T(z)].

(b) San_ as (a) but at 73 My age.

Figure 3.14. Observed (solid line) and predicted (dashed lines) Bt* along the Mid-

Atlantic Ridge, 10-70"N. "Observed" profile is actually a filtered version

of the observations, containing only the wavelengths 1400 to 7100 km for

comparison with the along-axis pattern of temperature variations inferred

from a joint inversion of travel-time residuals, geoid heights, and residual

bathymetry [Sheehan and Solomon, 1991; Chapter 2]. The predicted St*

profiles are calculated assuming one of the Q-l-ternperatttre relations

derivedinthisstudy (Q-I= A-I exp [-E/RT])and theupper mantle

temperaturevariationsfrom rnodclsof Sheehan and Solomon [1991];see

alsoChapter 2. Two of the predictedprofileswere calculatedusing the

temperatureprofiles[Sheehan and Solomon, 1991; Chapter 2] formodels

with temperaturevariationsconstrainedfirsttobc inthe upper 150 krn,

thenin theupper 300 kin;theviscositystructureincludesa high viscosity

lidover a constant-viscositymantle. The otherpredictedprofileswcrc

calculatedfrom thetemperaturevariationsofSheehan and Solomon
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[1991] in which a joint inversion is performed for variations in both

temperature and composition in the upper 150 kin, and then upper 300 km

for the same viscosity model. Mean values have been subtracted from

both theobserved and model profiles.

Figure 3.15. Observed (solid line) and predicted (dashed lines) St* along the Mid-

Atlantic Ridge, 10-70"N. The predicted St* profiles are calculated

assuming the Sato and Sacks [ 19891 Q-temperature relation (equation

3. I0) and the upper mantle temperature variations from models of

Sheehan and Solomon [1991]; see also Chapter 2. Two of the predicted

profiles were calculated using the temperature profiles [Sheehan and

Solomon, 1991; Chapter 2] for models with temperature variations

constrained to be in the upper 150 kin, then in the upper 300 kin; the

viscosity strucun_ includes a high viscosity lid over a constant-viscosity

mantle. The other predicted profiles were calculated from the temperature

variations of Sheehan and Solomon [1991] in which a joint inversion is

performed for variations in both temperature and composition in the upper

150 kin, and then upper 300 krn for the same viscosity model.
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CHAPTER 4

UPPER MANTLE STRUCTURE IN THE VICINITY OF THE EAST

PACIFIC RISE INFERRED FROM SHEAR WAVE DIFFERENTIAL

TRAVEL TIMES, GEOID, AND BATHYMETRY

INTRODUCTION

The formationand evolutionof thelithosphereand the interactionof mantle

convectionwith the sm'faceplatescan,inprinciple,be constrainedby thedem'mination of

variationsin shearwave velocityintheupper mantle. Oceanic regions,and inparticular,

mid-ocean ridge systems, arc most amenable to examination of the processes which drive

the plates due to their simple crustal structure and young age relative to the continents. In

this chapter we investigate lateral variations in the velocity structure beneath the East

Pacific Rise by measuring differential travel times for the phase pair SS-S, and relate these

variations in travel time to depth and geoid anomalies in the region, Body wave methods

are well suited for resolving lateral variations in upper mantle structure at relatively short

(<1000 km) wavelengths. Differential travel times of shear wave phase pairs, in

particular, are an effective tool in the study of upper mantle heterogeneity [Sipkin and

Jordan, 1976, 1980a; Stark and Forsyth, 1983; Butler, 1979; Kuo et al., 1987;

Woodward and Masters, 1991; Sheehan and Solomon, 1991] and have the advantage that

and receiver effects are approximately common to both phases and are thus largely

eliminated by differencing. In addition, use of differential travel times eliminates any
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absolute timing envrs. Differential times also have the ability to consuain structural

variations in regions of the world where there are no sources or receivers. Under the

assumptions that the lower mantle is relatively homogeneous and that the paths in the

upper mantle are reasonably steep, the differential travel time anomaly can be associated

with upper mantle su'ucnae in the vicinity of the surface bounce point of the reflected (SS)

phase.

A number of previous studies have brought imtxrtant contributions to our

understanding of upper mantle properties of the eastern Pacific. Surface wave dispersion

studies in the Pacific Ocean region [e.g., Leeds, 1975, Forsyth, 1975, Yu and Mitchell,

1979; Nishimura andForsyth, 1985, 1988, 1989; Zhang and Tanimoto, 1990b] show a

clear relationship between the age of the seafloor and the seismic properties of the mantle.

Woodward and Masters [1991], in a global study of SS-S and PP-P differential travel

times, found the east Pacific region to be particularly slow. In the present study, we use

shear wave differential travel time residuals, in combination with geoid and bathymetry

data, to elucidate further the structure of the east Pacific region. Our data set allows us to

search for velocity anomalies associated with the East Pacific Rise and with the Gaiapagos

Spreading Center and Galapagos hotspot. In addition, we can compare the results from

this intermediate to fast spreading ridge system with our earlier study of the northern Mid-

Atlantic Ridge, a slow spreading ridge system [Sheehan and Solomon, 1991]. Several

authors [e.g., Stark and Forsyth, 1983; Zhang and Tanimoto, 1990b, Woodward and

Masters, 1991] have found that shear wave velocities in the east Pacific are significantly

slower than those observed in either the Atlantic or Indian Oceans. In addition, the

presence of anisotropy has been found to be mote pronounced in the Pacific upper mantle

than in the Atlantic upper mantle [Montagner and Tanimoto, 1990] as is prefflcted by

models for flow-induced orientation of mantle olivine crystals [McKenzie, 1979; R/be,

1989]. Woodward and Masters [1991] found that their Pacific data were consistent with



thepresenceof weak anisotropy,although theysuggestedthatlateralheterogeneitycould

alsohave produced theobse_'vedazimuthalpattern.They d/d not resolvesignificant

azimuthalvariationsin theAtlanticportionof theirdataset.

Our analysistechnique,developed in Chapter 2,involvesthe use of shear wave

differentialtraveltimeresidualsincombination with geoid and bathymetry data. The

combination of geoid (or gravity) data with seismic data is an effective way to determine

Earth structure on scales ranging from global [Hager andRicharda, 1989; McNutt and

Judge, 1990] to local [Lines et al., 1988; Lees and VanDecar, 1991]. Several authors

[Watts et al., 1985; Haxby and Weissel, 1986] have suggested that bathymetry and

especially gravity (or geoid) data in the central and east Pacific regions show evidence for

small-scale (wavelength of a few hundred kilometers) convection. With our combined

data set and analysis we can search for evidence of small scale convection with the added

constraint of shear wave travel times.

GEOLOGIC SETTING

The East Pacific Rise lies to the west of Central and South America and stretches

over 6000 km from the Juan Fernandez triple junction at 34"S to the Gulf of California.

Sogments of the East Pacific Rise spread at rates as high as 162 mm/yr (full spreading

rate) at about 20"S (Figure 4.1). In comparison, spreading rates on the Mid-Atlantic

Ridge range from just 5 to 40 nma/yr. The East Pacific Rise separates the large Pacific

plate on the west from the Nazca and Cocos plates on the east. The triple junction between

these three plates lies at 2"N, 102"W. The Cocos plate is bounded on the west by the East

Pacific Rise, on the south by the Galapagos Spreading Center, and on the northeast by the

Middle America Trench. The Cocos plate includes the aseismic Cocos Ridge, which

tronds NNE from I'N, 90"W to 7"N, 84"W. A related feature is the Carnegie Ridge on



the Nagc, a Plate from 0"N, 90"W to 0"N, 82"W. A rough-smooth bathymetric boundary is

located at a distance of about 250 kin to the west of the Cocos and Carnegie Ridges. The

Cocos plate is shallower and its gravity is higher than that predicted by plate cooling

models [Parsons and Sclater, 1977; Parsons and Richter, 1980]. Spreading rates on the

north-southspreadingGalapagos Spreading Center average around 70 mm/yr

[Macdona/d, 1989]. The Galapagos hotspot,justsouthof theGalapagos Spreading

Center atabout 100"W longitude,isa siteof activevolcanism. Monnereau and Cazenave

[1988] found thatthegcoid-to--topographyratioin theregionof thishotspotisnot

consistentwith thatfound forswellsinthecenterof a plate.They attributedthis

differencetothe proximityof theGalapagos hotspottotheGalapagos Spreading Center.

DATA

Travel Time Data

The east Pacific was chosen as the study area because the very high spreading rates

on the East Pacific Rise offer an interesting complement to our study of the slow-

spreading Mid-Atlantic Ridge (Chapter 2) and because there is a convenient distribution of

earthquake sources and digital seismic stations to allow for a sufficiently dense sampling

of SS bounce points. We performed a search over all earthquakes in the Harvard centroid

moment tensor (CMT) catalog for the years 1980-1987 [Dziewonski et al., 1981;

Dziewonski and Woodhouse, 1983] supplemented by a listing of intraplate earthquakes

not included in the CMT catalog (E. A. Bergman, personal communication, 1991) and

over all GDSN digital seismic stations in order to find event-station pairs of the proper

epicentral distance which provide SS bounce points in the East Pacific Rise region.

Searches were also performed to find event-station pairs recoverable using the

GEOSCOPE broadband stations in the time periods for which we have data (January to
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December of 1986 and January to May of 1988). The range in source-receiver separation

was taken to be 55" to 86" to ensure separation of S and ScS at the longer distances and to

avoid triplication in SS at shorter distances. A list of stations used in this study is

presented in Table 4.1. We use only transversely polarized (SH) seismograms (rotated

from N-S and E-W components) to avoid interference from the SKS phase and

contamination from P-SV conversions at the base of the crust and other near-surface

discontinuities. Epicenters were obtained from the "Preliminary Delermination of

Epicenters" of the U.S. National Eanl_uake Information Service (NEIS) for all events.

The f'mal distribution of sources and stations used to measure SS-S differential travel times

is shown in Figure 4.2. Our study area extends from 25"S to 30"N latitude and 140"W to

80"W longitude, and includes a dense sampling of the Cocos plate. The majority of data

in this study comes from records of southern East Pacific Rise, Chile Rise, and Peru-Chile

subduction zone earthquakes recorded at North American stations. Other data include

Peru-Chile and Middle America trench events recorded at Hawaiian stations, Hawaiian

events and events from western North America recorded at South American stations

(BOCO and ZOBO), Central and North American earthquakes recorded at the DWWSSN

station AH (Afiamalu, Western Samoa), intraplate events on the Nazca plate propagating

to North America and Hawaii, and central Pacific inn'aplate events propagating to North

American stations.

This search yielded over 1500 event-station pairs with the proper epicentral

separation. Data with SS bounce points on regions of thick sediments (> 0.5 lan) and

thick crust off the coast of Central America [Ludwig and Hourz, 1979; Winterer, 1989]

were omitted. After winnowing the list because of station inoperation, poor signal to

noise ratio for the phases of interest, and interfering events, the f'mal data set consists of

over 600 SS-S differential travel time residuals with bounce points in the east Pacific

(Figure 4.3). A total of 21 digital stations (Table 4.1) and 342 different earthquakes
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(T_le 4.2) were used in the final analysis. Uncertainties for each n'_asurement are

adopted fix_m the analysis in Chapter 2, Appendix 2.A. A tabulation of all residuals is

given in Appendix Ill.

Sathyme Data

Bathymetric data are obtained from the corrected Digital Bathymetric Data Base (5'

grid) (DBDB5C) [US. Naval Oceanographic Office, 1985]. DBDB5C data are corrected

for the deviation of water column acoustic velocity from the generally assumed value of

1500 m s-1. We obtain an average depth value for each SS surface bounce point by

averaging all of the bathymetric data within a 1" x 1" square centered on each point.

The bathymetry of the East Pacific Rise region is shown in Figure 4.3. The rise axis

is marked by depths generally shallower than 3000 m. To the west of the rise the seafloor

depth gradually increases with increasing age of the seafloor. At the we.stem edge of the

map the depth is about 5000 m. To the east of the East Pacific Rise, however, the

bathymetry does not closely follow simple depth-age relations and is complicated by the

presence of the Galapagos hotspot and by the Middle America subduction zone. The

depth along the crest of the Galapagos Spreading Center, about 2500 m, is generally

shallower than that of the East Pacific Rise.

Geoid Data

Geoid data are taken from a combined set of Seasat and GEOS3 altimeter data

[Marsh et al., 1986]. The sea surface elevations are referenced to the IUGG 1980

Geodetic Reference System defined by an Earth semimajor axis of 6,378,137 m and a

flattening coefficient of 1/298.257 [Moritz, 1980]. The mean sea surface is presented in

the form of a 0.25" grid. The data have been corrected for orbit errors, instrument and

ammsphetic propagation effects, and solid Earth and ocean tides. Since we are only
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interested in signatures related to upper mantle processes, we attempt to remove from the

data all other effects. Therefore, we retain oniy the components of the field with

wavelengths less than about 6000 km by subuacting the observed field up to degree and

order 7 assunfmg the GEM-T2 coeff_ients [Marsh et al., 1990] for the spherical harmonic

expansion of the Earth's geoid and tapering the spectrum to degree and order 11 to avoid

truncation effects [Sandwell and Renkin, 1988] (Figure 4.4). The geoid field over the

East Pacific Rise and Cocos plate is characterized by positive anomalies over the East

Pacific Rise that fall off gradually with increasing plate age to the west. To the east of the

rise, however, the geoid does not follow the simple relation predicted by the plate cooling

model [Parsons and Richter, 1980] but rather is characterized by positive values over

much of the Cocos plate and a large positive anomaly presumably related to the slab

subducting under Central America [Hager, 1984]. The Galapagos hot.spot is marked by a

short (400 kin) wavelength geoid high superimposed on a northwest-southeast-trending

regional field with a low of -4 m.

METHOD

Data processing procedures and the waveform cross-correlation technique for

estimating differential travel time are as in Chapter 2.

RESULTS

Spatial Pattern of SS-S Residuals

The SS-S residuals are shown plotted at the SS bounce point in Figure 4.5. Much

scatter is observed, and a clear signal associated with the rise is not obvious. The

residuals far to the west of the rise (from longitude 130" to 140"W) are more negative
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(earlierSS) than the residuals in close vicinity to the rise, but a gradual decrease from slow

at the rise to fast off the rise is not apparent. Residuals to the south of the Galapagos

Spreading Center tend to be less by I or 2 s than those from bounce points to the north of

the Oalapagos Spreading Center. The values of the SS-S residuals with bounce points on

the Cocos plate vary widely, though some coherent pauerns emerge. There are groups of

early and late residuals with a cb.aracte_tic wavelength of approximately 1200 kin,

panerns which are made more obvious when the dam are smoothed and grldded. The

residuals in the vicinity of the Galapagos hotspot are positive. Positive residuals are also

found about 100-200 km to the nordw.ast of the Galapagos hotspot.

_'thospheric Aging

Cooling and thickening of the lithosphere should yield a tendency toward an increase

in seismic velocity with increasing tithospheric age. A linear regression experiment was

perf_ to examine the correlation of the SS-S residuals with seafloor age. First a

grid,ted map of seafloor ages was constructed for the East Pacific Rise from a compilation

of data from several sources. Gridded age data from the map ofLarson etal. [1985] were

provided by S. C. Cande (personal communication, 1991). Since these data only included

the age range of 0 - 6 My in our study area, we had to supplement them with data from

other sources. These additional sources included digitized isochrons from Sclater et al.

[1981] and magnetic anomalies from Klitgord and Mammerickx [1982], Atwater [1989],

and Atwater andSeveringhaus [1989] and fi'om the tectonic map of the Circum-Pac_Fu:

Map Project [1981]. The magnetic isochrons are assigned ages according to the polarity

reversal time scales ofKentand Gradstein [1986] and 8erggren et al. [1985]. Plate age is

not well determined on parts of the C¢_os plate due to its proximity to the magnetic

equator [Schouten, 1971], and thus no ages have been assigned to such areas [Atwater

and Severinghaus, 1989]. We place constraints on seafloor age in such regions lacking
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identifiedisochronsbyassumingsymmetricspreadingandusing the ages from isochrons

atan equal distanceon theoppositesideof therise.

To obtain a rcprsentative age value for the region spanning approximamly one

horizontal wavelength of the incident (SS) wave, an average scafloor age was estimated

for a 1" x 1" box centered on each SS bounce point. To reduce scatter, measurements

whose bounce point depths differed by more than 1200 rn from the ctcpth predicted by the

regional depth-age relation were excluded from the age regression.

The SS-S residuals for the East Pacific Rise am shown plotted against the square

root of seafloor age in Figure 4.6a. The solid line represents the linear travel time - agelf 2

relation derived from the dam, but the figure indicates that the data arc not well fit by a

straight line. The age dependence derived in Chapter 2 for the plate cooling model is

shown as a dashed line. The predicted slope is consistent with the longest wavelength

trendsinthedataand suggeststhatperhaps thereisan age dependence to thetraveltimes

but thatseveraloth_ competing processesarcalsocontributing.The observed SS-S

residualsincre.ascfrom 0 to2.5 My I/2partlybecause the Galapagos hotspo¢regionis

slow but not on zero-age lithosphere.Large positiveresidualsat4.5 My I/'2includeSS

bounce pointsoff thecoastof CentralAmerica, perhaps duc to unmodelcd sedimentsor

in_ crustal thickness.

We have calculated the "effectiveage" of thelithosphereby takingthedepth and

estimatingtheage of seafloorof thatdepth predictedby theplatecoolingmodel. This

procedure isconsistentwith the"lithosphcricrejuvenation"hypothesisof Meaard and

Mc.Nu_ [1982]. The term "rejuvenation"referstotheobservationthatmany midplatc

swellscool and subsideatthe sarncrateas normal (younger)lithosphereatthe same

depth. Thus, thermal rejuvenationappears toproduce lithospherewith many of the

propertiesof normal lithosphereof a younger age. The Galapagos hotspo¢and the

shallow Cocos and Carnegie ridges,forexample, are regionsof anomalously shallow
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depth in our study area, and are presumably related to some sort of heating event. For

other anomalously shallow regions included in this study (such as the majority of the

Cocos plate), the mechanism for shoaling is less clear. The slope of the SS-S travel time

residual versus square root of predicted age is -0.26 5:0.04 s/Myl/2 for the age range 0-33

My (Figure 4.6b). This value is at least of the same sign as the relation predicted by plate

cooling and with that observed in the Atlantic (Chapter 2), but the magnitude of the slope

is still significantly lower than expected from the model.

To look for other systematic variations in the residuals, we correct for age by

removing the linear dependence on square root of age predicted by the plate cooling

model, approximately -0.7 s My -1/2 (Chapter 2). This value for slope is also in good

agreement with observations in the north Atlantic but admittedly is steeper than what we

have observed with our limited range of east Pacific data. Future work is warranted to

study further the relation between travel time and plate age in the east Pacific.

The travel time residuals in the region of the East Pacific Rise are about 2 s larger

at a given bounce point age than those in the Atlantic. Part of this difference may be due to

the fact that since the Mid-Atlantic Ridge is slow spreading the zone of lithosphere of

young age is extremely narrow, whereas in the fast spreading Pacific it extends over a

much greater width. So even if the age at two SS surface reflection points is the same in

both of these studies, the upper mantle portion of the path in the Atlantic region will

include a greater proportion of older lithosphere than the Pacific region. The magnitude of

this effect would be about 1 s at young lithospheric ages (0-15 My) and less at older ages.

Anisotropy

Another systematic velocity variation that has been suggested as a possible

contributor to residual SS-S travel times is azimuthal anisotropy. As noted in Chapter 2,

the SS-S data from the north Atlantic do not show a consistent anisotropic effect. We
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performed least squares inversions on the age-coffered SS-S residuals from the Pacific to

determine best-fitting 40 patterns. The anisotropy indicated by our regression experiments

differs significantly from those found in the Atlantic. Ova"results indicate that for the 40

fit to the SS-S residuals uncorrected for age the slow directions for SS-S arc N44"W and

N46"E and the peak-to-peak magnitude of the effect is 2.7 s (Figure 4.7a); for the 40

model fit to the age-corrected $S-$ data the slow directions arc N48"W and N42"E and the

magnitude is 3.4 s (Figure 4.7b). Our inversion for a 40 pattern of anisou'opy provided a

variance reduction of 36% for both the uncorrected and the age-cort_ted SS-S residuals, a

reduction that is significant considering the number of free parameters involved.

These results should be interpreted with caution, however, as our modelled

azimuthal pattern may be partly the result of unmodelled upper mantle heterogeneity, and

we lack data at many azimuths. The 40 model fits the data well in the azimuth range -40"

to +20", but the fit is not good at -45" (where we have a peak in the predicted 40 pattern),

and the correlation of model to data is also poor in the vicinity of the 4-45" peak. The

azimuthal distribution of the data is shown in Figure 4.8. Inspection of Figure 4.8

indicates that the distribution of azimuths is not uniform, and that data of a given azimuth

tend to be clumped together geographically. Thus it is difficult to deterndne whether the

observed azimuthal signal is due to anisotropy or due simply to the geographic distribution

of lateral heterogeneity. The majority of the data at east-west azimuths come from Central

American events propagating to Hawaii, with bounce points in the region 20"N, -120"E.

The data at north-south azimuths come predominantly from Chile Rise events propagating

to North America. Most of these residuals are negative (early) and contribute to the

negative trough in the azimuthal patterns (Figures 4.7a, b). The data most inconsistent

with the 40 model come from the azimuth N60"W. These data are mainly from bounce

points west of the rise on seafloor of approximately 50 Myr age.
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Spatial Pattern of Age-corrected Residuals

A plot of age-corrected SS-S travel time residuals at the SS surface reflection point

(Figure 4.9) shows several interesting features. The pattern of alternating fast and slow

residuals, with a characteristic wavelength of 1200 kin, is sull visible in the Cocos plate

region. The Galapagos hotspot is marked by positive residuals. The residuals south of

the Galapagos Spreading Center arc for the most part naore negative than those to the

north. Residuals in the region 15"-30"N, 115"-130"W arc positive. Far from the rise, at

130"-140" W longitude, the residuals show much scatter. Residuals along the coast of

Central America are positive.

ANALYSIS OF PROFILES

The sparse sampling of our data does not permit us to contruct a profile along the

axis of the rise as was performed for the north Atlantic in Chapter 2. However, we have

been able to construct several prof'dcs across the East Pacific Rise and Galapagos

Spreading Center which allow us to examine more closely the relation of the observations

to plate age, and, after removal of the age dependence, to analyze anomalies orthogonal to

the ridge. The locations of the profiles are shown in Figures 4.3 and 4.4.

Profiles of SS-S travel time, geoid, and bathymetry values were constructed by

searching for all SS surface bounce points lying within 250 km (or 200 km for Profile 2)

of the tax_file line and then applying a weighted avenging scheme to produce a single

value every 50 kin. To ensure complementarity of data sets, bathymetry and geoid height

values are obtained at each SS bounce point, and all are corrected for cooling and

subsidence with seafloor age. In this manner we effectively normalize all observations to

zero age. The age correction for SS-S travel time data ( -0.7 s My -1/2) was given in an

earlier section. The age corrections for depth and geoid are described below.
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Theagee_'t_tion for depthis basedonanempin'caddepth-agerelationshipfrom

Schroecler [1984], which accounts for the thermal subsidence of oceanic lithosphere away

from spreading centers, and is appropriate for this part of the Pacific. The Sc_oeder

[1984] age-depth relation is d(t) = 2967 - 305 t 1/'2, where d is depth in meters and t is time

in My. We also examined depth anomalies obtained using the Parsons and Sclater [1977]

depth-age relation, which was determined using depth data from outside of this area. The

general trends observed using the Parsons and Sclater [ 1977] relation are not markedly

different fi'om those obtained using the Schroeder [1984] relation, but we prefer the

Schroeder [1984] relation as more appropriate for this region.

The geoid-age correction is done in two different ways. In the f'trst method the

theoreucal geoid-age relation from the plate cooling model [Parsons and Richter, 1980] is

removed to obtain the geoid anomaly. The second method, after/-lager [1983], takes into

account the fact that we have already removed the low order signal from the geoid. Hager

[1983] made use of a global regiormLization of plate ages [Mauk, 1977] and calculated the

predicted effect of plate cooling on the geoid. The predicted field was then expanded in

spherical h_ics up to degree and order 20. Our geoid-age correction after Hager

[1983] then consists of the following: we remove the full predicted field up to degree and

order 20, and then add the low order field (up to degree and order 7) back in. This

prevents us from removing the low order part of the geoid-age dependence twice

(empirically by the low degree and order reference geotx_ential field, and explicitly with

the theoretical geoid-age relationship). This is especially critical in the very fast-spreading

region of the Pacific included in this study, as the geoid-age dependence is dominated by

the low order signal. This sort of correction is not critical in the slow-spreading Atlantic,

where the geoid-age correction is dominated by wavelengths less than 4000 kin, shorter

than those removed to obtain our residual geoid [Cazenave eta/., 1986].

Error introduced into depth and geoid anomalies by isochron mislocation is difficult
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to estimate precisely, but for an error in age of 2 My, depth and geoid errors at 80 My

would be about 30 m and 0.2 m, respectively, while at 2 My, an error in age of 2 My

would have a much larger effect, giving depth and geoid errors of 350 m and 0.3 m. The

magnitude of this error highlights the importance of accurate age determination, especially

at young ages. The age correction is relatively more imtxr, zat for bathyn'_uicdata than

for the geoid, because the largest broad-scale variations in seaflcxr depth results from

lithospheric cooling effects, unlike the geoid.

Profile 1, East Pacific Rise south of triple junction

Protrde 1 starts to the west of the East Pacific Rise on seafloor approximately 45 My

in age, passes over the ridge just south of the equator at 0.5 "S, 103.5 "W, and continues

to the east of the rise to approximately 92 "W (Figure 4.3, 4.4). Figure 4.10a shows the

seafloor age along the profile, with the rise axis marked by a line. The geoid high (Figure

4.10b) is centered to the west of the rise and is asymmetric, characterized by a steeper

gradient over the east flank of the rise than to the west. The bathymetry (Figure 4.10c)

correlates well with plate age, with the bathymetric high centered at the rise and a gentle

slope to the west. The SS-S travel time residuals along the profile are shown in Figure

4.10d. The data along this prof'de are all at similar azimuths (approximately N-S), so

azimuthal anisotropy can be discounted as a source of the variations. The travel time

residuals of Profile 1 do not show a strong correlation with age. In fact, the rise is marked

by a local minimum in the travel time residuals, with larger residuals (later arrivals)

immediately to the east and the west of the rise. This pattern is similar to the one found by

Schlue [1981] in a study of SS-S differential attenuation in the same region. To the west

of the rise the residuals decrease gradually, with short wavelength signals superimposed.

To the east of the rise the residuals drop off rapidly with age, in a manner similar to the

geoid signal, but then increase again at about 700 km east of the rise axis.
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Figure 4.10e shows the residual geoid signal after correcting for plate cooling with

the method of Hager [1983]. In comparison, the geoid corrected according to the method

of Parsons andRichter [1980] is shown in Figure 4.10f, and the higher order gcoid

(reference field up to degree and order 10 removed) is shown in Figure 4.10i. The high

order geoid does not have an age correction applied, as we assume that the age dependence

is dominated by the low order signal [Cazenave eta/., 1986]. This predicted dominance

of the low-order geoid-age signal leads to a very small geoid-age correction if only the

high order portions of the predicted field are removed (Figure 4.1De). The age-axrection

in Figure 4.10t" reduces the geoid bulge in the immediate vicinity of the rise, but since the

geoid data far to the west of the rise show little age dependence, the age-correction

increases the geoid signal and produces a positive anomaly of about 4 m. The gcoid to the

east of the rise still falls off with distance, as it did before the age-correction was applied,

but the slope is more gradual in the residual profile. The age-corrected bathymetry (Figure

4.10g) is marked by a large negative residual with a width of about 700 km at the rise

axis, indicating that the rise is 400 m deeper than predicted by the plate cooling model.

Positive depth anomalies of approximately 200 m are found on the east and west flanks of

the rise axis. This steep residual at the rise axis is produced using either the Parsons and

Sclater [ 1977] or the Schroeder [ 1984] depth-age relation and was also found by Menard

andDorman [1977]. The age-corrected travel time residual profile slopes monotonically

from west to east, with a full range of 6 s. A short-wavelength residual low at the rise is

also present in this profile and in the high order geoid profile (Figure 4.10i) but is not

readily apparent in the lower order geoid profiles in Figures 4.10¢ and 4.10f.

Profde 2, across the Galapagos Spreading Center

Profile 2, approximately orthogonal to the Galapagos Spreading Centea', starts to the

south of the spreading center at 5"S, passes to the east of the Galapagos hotspot at I'S,
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and crosses the Galapagos Spreading Center at I'N, 89"W. The profile continues north of

the spreading center onto the Cocos plate, stopping near the Middle America Trench at

8.7"N, 87.3"W. A comparison of the bathymetry for profiles 1 and 2 shows their very

different character. In profile 1, the area west of the rise increased gently up to the rise,

whereas in profile 2 bathymetry (Figure 4.1 lc) is much more variable and seems to be

strongly affected by the Galapagos hotspot and the Middle America Trench and less related

to simple plate cooling. Because Profile 2 crosses the most tecmnicafiy disturbed area, it

is expected to present the most difficulty for applk, afion of simple plate cooling models.

Once again, data on this profile are all of similar azimuth (approximately N20"W) so the

effects of azimuthal anisotropy on the shear wave travel time residuals can be neglected.

We observe a positive correlation between both the age-corrected residual depth (4.1 lg)

and travel time residual (Figure 4.11 h) profiles. The geoid signal is dominated by a

monotonic increase from south to north of about 12 m (Figures 4.11 b,e,f), a pattern

which is presumably at least partially related to the Middle America salxluction zone.

Hager [1984] has suggested that the signal of subducting slabs is strong up to degree and

order 9. It is therefore worth examining the high-order geoid (Figure 4.11i) as we are

mainly interested in processes unrelated to subduction. The high-order geoid shows some

correlation with the bathyrnetry and travel time, mainly at long wavelengths and in the

vicinity of the Galapagos hotspot. The Galapagos Spreading Center appears in the middle

of a south-to-north, negatively sloping feature on the bathymetry, travel time, and high-

order geoid.

Profile 3, East Pac_c Rise north of triple junction

Profile 3 stretches from 10"N, 131"W to 9"N, 86"W, crossing over the East Pacific

Rise at 9.5"N, 103.5"W. To the west of the rise the depth (Figure 4.12c) increases

gradually with age. The geoid (Figure 4.12b) rolls off steeply on the west side of the rise
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and_ slightly at a distance of about 1200 km from the rise axis. The SS-S travel

time residuals are low (comparatively early) at the rise axis, but in the region from 300 km

to 2500 km to the west of the rise, the residuals follow the predicted relation between age

and travel time residual. The data to the east of the rise are all located on the Cocos plate,

and, after initially decreasing with age to the east of the rise, increase significandy as the

coast of central America is approached. The depth anomaly (Figure 4.12g) west of the

East Pacific Rise is near zero and shows little deviation from the depth predicted by

Schroeder [1984]. The main featta'e in the age_ depth and travel time anomaly

profiles [Figures 4.12g and 4.12h] is the region of high values at the eastern end of the

profile. The geoid profiles [Figures 4.12e, f, and i] are not well correlated with the travel

time and bathymetry.

Profile 4, East Pac_c Rise north of triple junction

Profile 4 stretches WNW - ESE from 23"N, 127"W to 7"N, 83"W, crossing over the

East Pacific Rise at approximately 13.5"N, 104"W. As with the other E-W profiles

(profiles 1 and 3) the bathymetry (Figure 4.13c) and travel time residuals (Figure 4.13d)

follow the predicted age dependence to the west of the rise, whereas the residual geoid

(Figure 4.13b) fails off more steeply than predicted to the west and then increases about

1300 km west of the rise axis. For this profile the travel time residuals are relatively large

(late) at the rise axis, as expected from plate cooling models, but contrary to observations

in the previous profdes. The travel time, geoid, and bathymetry all fall off steeply to the

east of the rise and then increase as the Central American coastline is approached. The

age-corrected residuals of Profde 4 do not differ markedly from those of Profile 3. The

fact that the travel time residuals (Figures 4.13d, h) increase at the eastern end of the

profile and then decrease sharply as the shallowest depths on the bathymetry profde are

reached might be partly due to an inaccurate bathymetric correction to the travel-times.
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Inversion F,a_riments

Inversion experiments were conducted to assess whether the geoid, topography, and

travel time anomalies presented in Profile 2 can be explained by reasonable variations in

temperature and/or composition in the upper mange. Profile 2 was singled out for further

analysis in on:lea"to search for thermal and/or compositional variations related to the

Galapagos hotspot, and also because of the qualitative correlation between bathymetry and

travel time at a variety of wavelengths (700 - 1500 krn). The geoid, admittedly, is

problematic in this region due to the signal from the Middle American subduction zone. A

total of 24 inversions were run, with various combinations of inversion parameters

(temperature and/or composition), the thickness of the layer in which temperatures or

composition were allowed to vary (0-150 kin, 0-300 km, or 0-650 kin), viscosity

structta'es (constant viscosity mantle or mantle with a shallow low-viscosity zone), and

geoid corrections. Results of the inversion experiments are summarized in Table 4.3 and

Figures 4.14-4.21.

We find that compositional variations alone (pararneterized in terms of Mg#) are

inadequate to model simultaneously the geoid, travel time, and bathymetry observations.

Temperature variations alone provide reasonably good fits to the data, with variance

reductions ranging from 66% for the model with a low viscosity zone and temperatures

consu'ained to vary only over the depth range 0-300 km, to 72% for the model with a low

viscosity zone and temperature perturbations confined to the depth range 0-150 km. For

the latter model, the range of predicted temperature variations is high (± 150"C), so the

models with temperatures constrained to extend deeper are more reasonable, as they

predict smaller temperature variations and thus lesser differences in melt production and

crustal thickness. The most interesting feature in the Profile 2 inversions is the Galapagos

hotspot region, marked by slow SS-S travel times, shallow topography, and a slight geoid
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high. The other dominant feature in the profile is a long-wavelength southward slope,

especially strong in the geoid, which may be partially due to the Middle American

subduction zone. In an anempt to remove the slab signature, we also carried out

temperature inversions using the high..order geoid (reference field up to degree and order

10 removed). The high-order geoid is of much smaller amplitude than the low-order

geoid, and we had to adjust our data covariance matrix to ensure proper weighting

between the various data. The fits with the high-order geoid were worse than those with

the low-order geoid, as only a small temperature variation in the upper mantle was

required to fit the geoid but this variation was insufficient to match the observed travel time

residual and bathymetry. It may be worthwhile to remove the slab signal from the geoid

explicitly.

DISCUSSION

We found that the SS-S differential travel time is about 2 s larger in the Pacific at a

given seafloor age than in the north Atlantic. The Pacific has been found to be seismically

slower at a given age than the Adantic (or Indian Ocean) in a number of studies [Stark and

Forsyth, 1983; Zhang and Tan/moto, 1990b; Woodward and Masters, 1991]. In addition,

heat flow in the Pacific is higher than in the Atlantic [Chapman and Pollack, 1975],

suggesting that there may be some differences in the thermal structure beneath these two

ridges or that there are differences in the fraction of heat flow carried by hydrothemml

circulation.

Observations of upper mantle anisotropy in the Pacific have been reported in many

surface wave studies [e.g., Forsyth, 1975; Schlue and gnopoff, 1977; Tanimoto and

Anderson, 1984, 1985; Cara and Leveque, 1988; Nishimura and Forsyttg 1988, 1989;

Montagner and Tanimoto, 1990], and the lithospheric portion of this signal has been
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am'ibu_i to the preferential alignment of olivine crystals with their a-axis parallel to the

fossil direction of plate motion. Nis]dmara and Forsyth [ 1989] and Cara and Leveque

[ 1988] have suggested that deep-sea_i (sub-lithospheric) anisou'opy is related to the

direction of present shear rather than the fossil seafloor spreading direction. In general,

for fast-moving oceanic plates, the direction of horizontal shear in the underlying

asthenosphere is expected to be similar to that of absolute plate motion [Hager and

O'Connell, 1979].

Our study area encompasses a large range of absolute plate motions, as three plates

are involved. Not surprisingly, surface wave studies also show a range of aniso_opy

patterns in the region. The study of Moatagner and Taaimoto [1990] shows anisotropy in

the region with the fast axis for Rayleigh waves at N80"E in the Cocos plate,

approximately east-west in the Nazca plate, and approximately N80"W in the very eastern

part of the Pacific Plate (within our study area). The absolute plate motion vectors from

Gripp and Gordon [1990] have azimuths of approximately N35"E for the Cocos plate,

N90"E for the Nazca plate, and N75"W for the Pacific plate. Our azimuthal distribution of

data and corresponding 40 models are consistent with alignment of the olivine a axis at

either N45"W or N45"E. The olivine a axis direction is slow for SH incident at an angle

of 45" from the vertical (similar to the incidence angles of SS waves in this study), though

fast for horizontally propagating P. Since most of our bounce points lie on the Cocos

plate, it is not surprising that our results are most consistent with the absolute motion of

this plate.

Synthesizing the results on anisotropy from Chapter 2 and the east Pacific, there is

not a significant pattern of anisotropy in the slow spreading north Atlantic, but there may

be significant anisotropy in the faster spreading east Pacific. Travel time data at a better

distribution of azimuths on the Cocos plate would help us to distinguish between upper

mantle anisotropy and lateral heterogeneity as the mechanism of our observed azimuthal
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distributionintraveltimeresiduals.McKenzie [1979]and Ribe [1989]havesuggested

thatanisotropyinboththelithosphereand theasthenospherewillnotbe aspronounced

beneathslow spreadingridgesasatfastspreadingridgesforseveralreasons.Inthe

lithosphereatslowspreadingratesthecrystalsfreezeintooquicklytobe affectedby

strains which at fast spreading rates can produce a preferred alignment. In the

asthenosphere, the lattice preferred orientation of olivine crystals is suggested to become

aligned with the flow direction when the flow is progressive simple shear, which is likely

to occur in the asthenosphere beneath a fast spreading ridge.

We have performed inversions of travel time, geoid, and bathymetry along a profile

orthogonal to the Galapagos Spreading Center and just to the east of the Galapagos

hotspot. The results of our inversions indicate that compositional variations alone are

inadequate to produce the observed variations in travel time, geoid, and bathymetry, but

that several different paran_terizations of temperature variations produce generally good

fits to the data (variance reductions are approximately 70%, see Table 4.3). The predicted

excess temperature anomaly at the Galapagos hotspot ranges from 50" to 150"C. We also

observe a long wavelength signal attributed to the slab subducting along the Middle

America Trench. Our techniques have not been designed to deal with the strong lateral

viscosity conwasts that a slab would presumably produce. Further work is needed to

remove the slab signal from our geoid anomalies.

Several authors [Watts et al., 1985, Haxby and Weissel, 1986] have argued for the

presence of small scale convection in the central and eastern Pacific. Haxby and Weissel

[1986] observed linear gravity anomalies of wavelength 150 to 500 km oriented

orthogonal to the ridge. Their observations were from an area to the south and west of our

study area, so a direct comparison is not possible. They suggest that these anomalies

mark the locus of longitudinal convective rolls aLigned by shear imparted by a fast moving

plate [Richter and Parsons, 1975]. A denser sampling of data along the axis of the East
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Pacific Rise might allow us to test this theory, but our present sampling is inadequate. In

addition, even a 500-km-wavelength signal might be smaller than we can resolve with

teleseismic techniques. Stark and Forsyth [1983] found a periodic variation of 640-km

wavelength in shear wave travel time residuals in the Indian Ocean, and they used this

result to argue for the presence of linear convective rolls in the upper mantle in that region.

CONCLUSIONS

We have measured 600 SS-S differential travel times for paths in the East Pacific

Rise region. The SS-S travel time residuals are only weakly correlated with seafloor age.

The travel time - age correlation is stronger if rather than using the actual plate age we use

the age predicted by the depth of the seafloor at the SS bounce point.

We have examined the azimuthal distribution of the SS travel time residuals, and

although not conclusive, our results are consistent with the presence of anisotropy in our

study area. The sense of anisotropy is consistent with the fast axis of olivine oriented

approximately parallel to the absolute plate motion vector for the Cocos plate. It is also

possible that lateral heterogeneity rather than azimuthal anisotropy is producing our

observed azimuthal pattern. Sampling at a more uniform distribution of azimuths should

make this result less ambiguous, and as more seismic stations are deployed at new

geographic locations our chances of resolving this issue improves.

We note several differences between the north Atlantic and the east Pacific. The

most obvious difference is that the Pacific travel time residuals are significantly larger than

those for the Atlantic, even at a fixed age. The u'avel time - age relation is weaker in the

Pacific, though this may be partially attributable to the fact that we do not sample a large

range of plate ages in the Pacific. In the Atlantic our results ate not consistent with the

presence of a simple pattern of azimuthal anisotropy, while in the Pacific our data are



163

consistentwith the presence of weak anisotropy in the upper mantle. It has been

suggested that anisotropy may be more pronounced at fast spreading rates than at slow

spreading rates duc to a rate-dependence of the mechanism for orienting olivine grains,

and our results arc consistent with this suggestion. There is substantial ambiguity in our

Pacific anisotropy measurements, however, due to a poor sampling of azimuths.

We have appliedajointinversionof traveltime residuals,gcoid,and bathymetric

anomalies for lateral variation in upper mantle temperature and composition to a north-

south profile orthogonal to the Galapagos Spreading Center. We find that compositional

variations alone arc inadequate to match all of the data simultaneously. Temperature

variations alone, however, significantly reduce the variance in all of the data. The models

predict excess temperature in the vicinity of the Galapagos hotspot in the range of 50" to

150"C. Further analysis is needed to remove the effects of slab structure and possible

crustal thickening in the east Cocos plate region.
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TABLE 4.1. Digital seismograph stations used.

Station Networkt Latitude, "N Longitude, "E

AFI DWWSSN -13.910 -171.777

ALQ DWWSSN 34.942 - 106.458
ANMO SRO 34.946 - 106.457
BOCO SRO 4.587 -74.043
CMB DWWSSN 38.035 - 120.385
COL DWWSSN 64.900 - 147.793
GAC CAN 45.70 -75.47
HON DWWSSN 21.322 -158.008
JAS DWWSSN 37.947 -120.438
JAS 1 DWWSSN 37.947 - 120.438
KIP GEOSCP 21.420 - 158.022
LON DWWSSN 46.750 - 121.810

RSCP RSTN 35.600 -85.569
RSNT RSTN 62.480 - 114.592
RSNY RSTN 44.548 -74.530
RSON RSTN 50.859 -93.702
RSSD RSTN 44.120 - 104.036
SCP DWWSSN 40.795 -77.865
SCZ GEOSCP 36.600 -121.400
WFM GEOSCP 42.610 -71.490
ZOBO ASRO -16.270 -68.125

t Network abbreviations as in Table 2.1
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TABLE 4.2 Earthquakes used in this study.

Yea" Month Day Hoot Min See Depth, kin mb Lat., *N Long., "E

1980 1 14 21 51 1.8 14 5.6 -33.19 -69.46
1980 1 20 1 3 33.2 33 5.0 -22.73 - 114.20

1980 1 24 19 0 9.5 11 5.3 37.85 -121.82
1980 1 27 16 38 1.1 10 5.7 -35.38 -105.87
1980 1 28 16 59 22.9 33 5.3 -44.96 -76.11
1980 2 14 14 7 1.6 45 5.3 -31.77 -71.42
1980 3 29 6 41 50.5 33 5.6 -43.08 -75.20
1980 3 29 17 49 10.9 33 5.2 -37.93 -73.50
1980 4 9 8 17 55.1 10 5.5 -31.65 -67.48
1980 4 9 19 56 26.0 10 5.5 -44.61 -80.10
1980 4 14 23 57 27.6 100 5.4 -21.29 458.73
1980 5 2 19 9 7.8 163 5.4 -24.13 -66.94
1980 5 26 18 41 36.8 62 6.0 -19.36 -69.29
1980 5 30 16 56 22.2 33 5.3 -23.11 -70.93
1980 6 9 3 28 18.9 5 5.6 32.22 -114.99
1980 6 11 14 21 18.9 35 5.5 -32.72 -71.65
1980 6 16 5 45 6.9 87 5.5 -22.03 -68.47
1980 7 13 6 20 30.3 103 5.6 -33.47 -70.15
1980 8 3 3 0 49.7 151 5.3 -35.25 -69.99
1980 8 3 13 42 35.4 10 5.1 -35.58 -104.63
1980 9 2 22 18 41.6 10 5.0 -26.79 - 112.92
1980 9 26 20 26 34.8 10 4.9 -35.90 -102.94
1980 11 8 21 35 43.1 103 5.4 -24.34 -67.65
1980 12 11 18 15 3.5 80 6.1 -21.27 -68.15
1980 12 20 20 26 47.2 571 5.2 -24.37 -63.42
1981 1 7 16 26 42.5 37 5.5 -23.75 -70.62
1981 . 1 7 20 31 12.1 10 5.1 -49.91 -114.14

1981 3 2 21 19 56.0 246 5.1 -22.64 -65.99
1981 3 23 19 28 10.7 46 5.8 -33.66 -71.89
1981 3 26 18 4 44.7 138 5.8 -19.37 -68.96
1981 4 1 18 3 36.5 554 5.9 -27.31 -63.32
1981 4 6 14 34 1.3 88 5.3 -35.37 -71.05

1981 4 16 22 5 53.0 33 5.1 -20.16 -70.70
1981 5 17 17 4 58.0 33 5.4 -27.22 -71.83
1981 5 24 11 44 3.5 10 5.2 -22.16 -114.20
1981 6 1 19 50 13.3 330 5.0 -20.49 -65.19

1981 6 4 7 39 40.4 33 5.1 -34.20 -78.83
1981 6 10 4 6 10.2 I0 4.8 -35.80 -102.17
1981 6 16 5 41 49.1 76 5.4 -21.49 -68.34
1981 6 21 10 30 1.1 36 5.2 -20.26 -70.45
1981 6 22 17 53 21.3 24 5.1 -13.17 -74.52
1981 7 10 18 2 4.9 10 5.2 -37.22 -95.37
1981 7 18 11 15 18.1 246 5.0 -22.68 -66.24
1981 7 28 3 3 21.6 43 5.5 -41.57 -73.20

1981 8 17 2 18 59.9 37 5.5 14.52 -93.77

1981 8 21 22 52 40.6 10 5.1 -26.51 -I14.76

1981 8 22 23 47 41.4 10 5.2 -35.83 - 103.30
1981 9 6 16 43 19.9 10 5.4 -36.17 -100.70
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1981
1981
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1983
1983
1983
1983
1983
1983.
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983

9
9
l
1
2
3
4
4
5
5
5
5
5
6
6
6
7
8
8
8
9
9

10
10
10
10
11
12
12
12

1
1
1
1
1
1
1
1
1
2
2
2
2
3
4
4
4
5
5
5
5
5
6
6
7
7
7

19
20
21
21
10
22
18
19
3

17
27
29
29

1
5

15
11

5
23
27

9
26
24
25
26
31
18
9

31
31
10
10
13
18
23
23
24
26
28

1
15
25
28

2
3
7

12
2
7
9
9

23
11
17
3
9

12

11
10
21
22
20
21
11
11
7
2
1
3

17
4
0
1
2
9

21
3
6
4

10
22

3
6

2O
1
1
3
9

12
9
2
6

16
8
4

23
4

23
22
22
7
2

19
12
23

1
10
15
0
3

11
17
7
3

40
48
52
29
38
44
30
54
26
39
39
26
22
14
17
20
13
16
35
56
40

2
43
26
24

3
39
41
35
47
17
32
23
22
0

36
17
43
11
22
21
49
44

7
50
29

7
42

7
58
53
54

9
33
14
40
39

56.9
20.3
41.0
13.0

3.5
9.3

55.3
27.5

2.5
26.1
19.5
58.7
24.4
15.3
0.3

35.2
37.7
41.3

5.9
49.0
21.4
6.6

41.1
4.4

30.6
4.5

51.2
37.6
35.2
22.4
32.8
21.9
47.9
54.7
52.9
38.7
38.6
18.7

5.8
51.1

6.9
54.7
19.5
41.4

0.7
14.9
54.6
37.9
22.7
26.7

2.7
11.6
54.0
16.4
23.2
50.9
27.2

3O
234

10
13

226
126

10
25O
107

10
10

116
47
32
33
10
39
40
10
10
10
10
35
11
69
97

160
10

130
67
98

559
10
10
10
10
45
10
10

102
2O2
146

10
64
33
34

107
12
51
33
36

110
2

10
33
10
10

5.6 -39.08 -74.81
5.1 -23.08 -66.63
5.5 19.22 -155.60
5.5 19.20 -155.57
5.9 -22.79 -66.66
5.1 -19.88 -68.74
5.9 -28.16 -114.07
5.3 -22.60 -66.02
5.5 -23.47 -68.81
5.0 -35.35 -103.84
5.3 -13.38 -111.62
5.2 -22.35 -68.37
5.1 -24.99 -70.25
6.1 -41.63 -74.99
5.4 -43.10 -75.21
5.2 -36.52 -98.65
5.3 -16.65 -73.21
5.4 -26.68 -70.66
5.1 -29.04 -111.78
5.5 -35.52 -104.61
5.0 -35.55 -102.42
5.2 -42.70 -82.26
5.4 -22.27 -70.08
5.4 36.32 -120.51
5.6 -29.67 -71.26
5.3 14.15 -90.19
5.5 -31.25 -65.86
5.6 -29.01 -112.66
5.3 -21.39 -68.05
5.8 -21.05 -68.46
5.6 -21.85 -68.32
5.8 -27.30 -63.39
5.6 -35.81 -102.63
5.0 -49.74 -114.83
4.2 -17.90 -96.78
5.6 -37.28 -95.24
6.3 16.18 -95.15
5.7 -49.75 -115.12
5.2 -36.23 -100.97
5.2 -23.03 -68.80
5.0 -22.97 -66.50
5.9 -18.27 -69.44
5.3 -43.98 -79.06
5.5 -11.60 -77.83
6.5 8.73 -83.12
5.4 8.00 -82.69
6.5 -4.89 -78.18
6.2 36.24 .120.30
5.4 -28.01 -70.79
5.8 -40.87 -74.84
5.5 8.28 -82.93
5.5 -19.14 -69.15
5.4 36.26 -120.47
5.5 -36.45 -97.44
5.7 9.66 -83.64
5.3 36.24 -120.41
5.2 23.89 -108.37
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1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1984
1984
1984
1984
1984
1984
1984
1984
1984
1984
1984
1984
1984
1984
1984
1984
1984
1984
1984
1984
1984
1984
1984
1984
1984
1984

7
7
7
8
8
8
9
9
9
9
9

I0
I0
I0
I0
I0
I0
I0
II
II
II
II
II
II
II
II
II
II
12
12
12
I
I
I
l
2
2

3
3
3
4
4

5
5
5
5
5
6
6
6
7

7
7
8
8
8
8

21 7 II 33.1
22 2 39 55.3
31 I0 26 0.2
20 8 30 34.1
21 18 58 19.2
31 8 50 37.2
I 20 1 46.7
9 16 30 55.4

14 0 47 4.7
21 10 27 56.7
24 15 51 57.7

4 18 52 12.9
6 15 I 48.4
9 Il 25 42.2
12 3 39 39.0
16 9 59 45.8

21 8 14 18.2
24 0 36 6.7
9 I 57 50.3
16 16 13 0.0
17 10 39 30.9

22 14 20 58.8
23 8 12 15.0
25 9 23 27.8
26 20 18 23.5
26 23 29 8.9
28 19 10 7.0
29 2 55 15.7

2 3 9 5.6
21 12 5 6.0
23 22 56 6.9

1 22 8 10.2
6 15 1 34.6

16 12 27 13.8
26 19 30 57.3

3 8 29 47.7
9 4 31 18.5
1 19 21 24.6
4 22 34 24.0

11 13 42 56.5
13 5 54 52.1
19 8 28 53.0
7 14 9 13.3
9 23 56 9.5

10 9 51 2.3
16 3 4.4 56.4
25 13 20 23.9
11 2 5 33.8
18 11 20 18.2
20 19 56 42.8
2 4 50 42.6
24 4 49 45.3

30 21 32 59.7
12 11 51 40.9
26 5 2 7.9
28 10 4 24.6
31 19 46 3.9

127 5.5 -22.30 -68.53
7 6.0 36.22 -120.40
I0 6.0 -20.14-126.87
I0 5.3 -36.25-101.54
10 5.4 -28.78 -I12.65
10 5.3 -29.57 -111.84

110 5.9 -17.58 -69.98
9 5.4 19.33 -155.12
37 5.4 -36.42 -73.08
112 5.3 -18.98 -69.12
10 5.5 -41.85 -83.61
18 6.4 -26.62 -70.77

20 5.5 -26.72 -70.91
33 5.9 -26.26 -70.59
22 5.7 8.06 -82.72
66 5.7 -23.84 -70.21

117 5.5 -30.64 -69.11
55 5.6 -12.96 -76.75
I0 5.4 -36.13 -100.04
11 6.3 19.43 -155.45
575 5.4 -28.20 -63.22
23 6.3 0.42 -79.94
54 5.1 -15.09 -75.55
33 5.3 24.25 -108.80
I0 5.6 7.38 -82.26
10 5.3 -44.37 -80.15
19 5.6 -44.95 -76.01
I0 4.8 -49.75-I14.54
69 5.9 14.05 -91.94

604 6.3 -28.23 -63.20
33 5.3 -27.54 -71.46

228 5.4 -22.61 -66.02
103 5.4 -23.92 -68.65

10 5.9 -30.00 - 112.29
58 5.3 -12.35 -76.93
33 5.7 -29.46 -71.13
41 5.4 -14.16 -76.23
10 5.5 -4.65 -106.05
33 5.4 -26.55 -70.70
10 5.7 -26.64 -108.41
10 4.8 -24.90 -112.11
31 5.5 -31.80 -71.90
137 5.6 -27.82 -66.64
119 5.6 -34.14 -70.27
I0 5.1 -36.25 -98.75

139 5.4 -27.17 -67.04
31 5.5 -42.62 -75.13
45 6.2 -30.72 -71.21

121 5.8 -15.73 -72.48
160 5.4 -23.98 -66.97

35 5.8 16.76 -98.51
34 5.6 -25.79 -70.52
79 5.0 13.34 -90.07

101 5.6 -24.36 459.25
16 5.4 15.91 -95.30
10 5.3 -4.53 -105.87

119 5.3 16.10 -93.34
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1984
1984
1984
1984
1984
1984
1984
1984
1984
1984
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985

1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985
1985

9

9
9
9
I0
I0
II
12
12
12

1
I
2
2
2
2
3
3

3
3
3
3
3
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
5
5
5

5
5
5
6
6
6
6
6
6
6
7
7
7
7
7
7

5
6
12
28
I0
13
8
I0
II
31
18
26
14
21
21
24

3
4

4
4
4
4

5
7
12
17
19
23
23
24
25
3O
3
9
15
19
28

28
4
6

17
18
19
19
2
3
9
I0
II
14
23
5
6
7
I0
II
17

22

20
21
I0
5
17
6
I0
23
13
15
3

8
18
21
2
22

0
6
13
•15
19
9
0

8
I0
4
13
14
16
5

13
13
I
4
17
2

8
12
7

2
16
7
18
16
2
18
15
II
13
6
15
8
11
5

20
13

27
34
56
4O
43
18
32
22
22
0
0
7

30
53
52

7
47
32
6

49
I
3
8

54
23
41
I

45
36
16

14
47
6
56
41
43

53
3O
47

33
44
59
7
9

26
45
46
37
12
14
55
22
33
25
6

31
53

54.3
25.8
28.2
24.1
51.0
14.2
55.9

4.8
20,6
31.8
8.3
2.5

55.6
8.5

56.5
31.2

6.9
21.4
57.8
29.6
6.2
7.2
54.6
56.9
15.3
37.9
6.5
19.3
57.0
33.0

33.2
28.7
19.8
58.6
50.5

10.3
44.1
32.6
I0.5
58.7
7.8
13.3
46.2
15,4
58.0
32.1
30.1
3.3

28.8

14.9
23.7
38.1
7.1
12.0

33.1
13.9
2.2

I0
I0
I0
10
I0
31

42
56
122
174
82

38
123
33
33
I0
33
33
33
33
33
33
33
33
33
33
33
33
33
33
33
33
33
33
33

66
60
33
10
lO
33
III
33
39
33
70

33
180
33

33
178
33
43

32
I0
33
50

5.5 -25.51-I16.06
5.0 30.65 -I13.93
5.0 19.88 -I16.02
6.0 -31,63 -110.89
5.1 -4.59 -105.51
6.1 15.06 -94.24
5.3 -30.67 -71.36

5.4 -14.86 -75.33
5.6 -22.84 -68.80
5.5 -23.06 -66.91
5.8 -29.41 -70.71

6.1 -33.15 -68.54
5.6 -23.85 -67.75
4.7 -33.28 -71.72
5.3 -20.72 -70.37
5.1 -32.25-110.95
6.9 -33.15 -71.98
6.0 -33.23 -71.76
5.4 -33.58 -71.86
4.9 -33.95 -71.96
6.1 -33.84 -71.32
5.3 -32.75 -71.60
5.4 -34.24 -71.72
5.5 -33.01 -72.14

5.3 -33.10 -72.16
5.9 -32.66 -71.56
5.9 -33.28 -71.76
5.4 -34.28 -72.II
5.6 -33.30 -72.22
5.4 -34.35 -72.13
6.I -34.34 -72.28

5.0 -45.46 -76.40
5.7 -32.62 -71.61
6.3 -34.17 -71.54
5.0 -33.53 -72.02
5.3 11.93 -86.56
5.0 -33.07 -71.49
6.0 -39.70 -75.61
4.7 16.66 -113.53
5.1 -36.37 -98.86
5.1 -34.28 -72.46
5.4 -19.20 -69.12
5.2 -33.88 -72.30
5.9 -30.24 -71.28
5.4 -37.80 -73.59
5.1 13.13 -90.18
5.0 -33.25 -71.97
5.8 -28.11 -67.19
5.1 -32.48 -71.68
5.5 -40.74 -74.92
5.5 -24.06 -67.10
5.0 -33.38 -72.17
5.1 -33.36 -72.12
5.4 -32.88 -72.00
5.3 -38.63 -91.65
5.2 -32.93 -72.00
5.4 -32.65 -71.42
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1985 7 27 16
1985 8 4 4
1985 8 6 2
1985 8 12 0
1985 8 19 7
1985 8 20 12
1985 8 21 11
1985 8 27 10
1985 9 1 8
1985 9 19 13
1985 9 21 1
1985 10 8 9
1985 10 12 20
1985 10 29 15
1985 10 31 21
1985 11 12 3
1985 11 17 20
1985 II 24 9
1985 11 27 15
1985 11 29 4
1986 1 7 16
1986 1 12 14
1986 1 26 7
1986 2 9 23
1986 2 20 9
1986 3 22 16
1986 3 26 7
1986 4 9 18
1986 4 30 14
1986 5 10 12
1986 6 5 9
1986 6 19 17
1986 6 24 23
1986 6 27 I
1986 6 30 22
1986 7 2 20
1986 7 13 13
1986 7 18 0
1986 7 28 20
1986 8 1 14
1986 8 13 4
1986 8 21 17
1986 9 25 6
1986 10 5 7
1986 10 5 13
1986 10 24 2
1986 11 23 1
1986 11 28 20
1986 12 5 I
1987 1 4 17
1987 1 14 9
1987 2 14 15
1987 2 25 10
1987 3 5 9
1987 3 6 1
1987 3 6 4
1987 3 14 20

26
54
29

4
53
21
26
44
28
17
37
47
29

2
49
34
50
28
59
2

37
0

48
32
16
56

4
10
9
2
1

18
53
22
52
45
47
21
29

9
11

1
15
21
15
42
39
34
45
52
38
44
42
17
54
10
18

45.5
1.9

44.0
50.9
48.0

5.9
28.8
34.6
21.3
47.8
13.8
21.9
24.5
27.1
20.0
19.8
50.9
23.6

2.6
11.3
47.8
55.4
22.9
11.7
2.4

50.9
49.8
52.9
39.7

1.7
15.6
58.1
32.6
53.0
12.0
50.5

8.0
38.7

1.5
24.9
41.1
28.5
53.7
37.5
45.6
50.9
25.9
52.5
37.4
36.6
56.7
15.9
45.5

0.0
50.7
41.9
37.6
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75
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86
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199
116

10
10
10
10
10
62
10
5

10
32
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10
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50

126
33
10
10
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171
27
14
12
10

5.4 -26.94 -113.41
5.5 -44.89 -75.45
4.8 -41.25 -85.78
5.5 -38.42 -73.49
5.3 -15.04 -75.60
4.7 -33.75 -72.19
6.1 -9.21 -78.91
5.2 -21.46 -67.45
4.9 -39.02 -91.61
7.0 18.18 -102.57
6.3 17.82 -101.67
5.5 -23.05 -66.43
5.2 13.19 -89.63
5.6 18.17 -102.55
5.8 -28.75 -63.19
5.4 -36.25 -98.02
5.1 -25.16 -112.33
4.7 -7.69 -148.00
9.9 -7.90 -148.60
5.3 -22.76 -63.62
4.9 -13.34 -111.59
5.0 -35.97 -102.20
5.7 -27.12 -70.87
5.0 -36.13 -71.27
5.7 -21.15 -70.11
5.3 -4.45 -104.82
5.1 -34.10 -72.10
5.2 -22.96 -66.67
5.5 -18.35 -69.70
5.6 -37.04 -94.03
5.2 -36.30 -97.37
4.9 -36.12 -100.69
4.7 -36.10 -100.47
4.7 -19.30 -126.20
5.2 11.22 -86.09
5.6 -26.72 -114.35
5.6 33.02 -117.79
4.9 -19.80 -126.50
5.1 -33.38 -72.13
5.5 -35.89 -103.75
5.4 5.84 -82.40
5.0 -8.90 -109.47
5.3 22.90 -108.07
5.3 -23.72 -112.03
5.4 -23.62 -112.02
5.4 -25.41 -70.15
6.4 -3.36 -77.47
4.6 -45.12 -76.67
5.2 -36.27 -97.53

5.5 5.92 -82.67
5.1 -49.92 -113.59
5.4 -45.71 -75.99
5.1 -27.94 -67.06
6.5 -24.49 -70.17

6.1 0.13 -77.67
6.5 0.15 -77.83
5.4 -38.89 -92.19
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6
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7
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7
7
7
7
7
8
8
8
8
8
8
8
8
8
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9
9
9
9

10
10
10
10
10
10
10
10
10
10
11
11
11
12
12
12

15
22
23

8
10
12
14
15
19
23

9
11
15
19
27
6
8
9

15
17
21
22
29
4
6
8
9

13
15
15
21
24
26

8
11
11
18
19
19
22
22

3
4
6
7

20
21
21
27
31
31

6
9

17
3
8

28

6
3

20
17
15
16
16
13
12
5

22
5
6

19
9
1

11
4
7
1

13
8

15
15
15
15
8

15
9

18
23

6
13
2
0
4
8
9

21
13
16
3
8

14
0

21
6

23
21

5
8

18
17

3
11
14

8

3
23
47
42
16
12
4

49
56

1
46

8
23

0
9
6

50
7

16
57
27
23
22

4
15
48
24
23
34

4
0
9
1

58
34

2
43
21
18
43
21
35
15
39
51
10
11
25
58
11
52
47
46
4O

4
47
16

3.1
57.7
57.2
36.0
20.2
42.1
26.5
14.2
25.0

8.1
11.7
52.8
8.9
8.3
5.5
7.5

14.6
34.3
13.6
38.7
13.2
3.7

33.0
40.4
34.7
57.4
20.0
11.4
47.7
22.1
52.5
43.2
23.0
52.8
51.8

3.1
25.9
41.7
25.9
39.7
38.5
6.1
17.8
54.6
37.0
59.9
33.3
51.7
17.7
17.0
30.8
34.9
21.0

8.9
32.1
59.3
21.3

33
42
33
49

160
121
29
10
39
41
10
33
44

119
61
10
10
64
67
10
10
98

141
38
10
82
10
74

104
32
10
33
10
25

128
95
71
35
69
23
33

119
45
10

117
10
10
76

616
66
33

538
62
76
60
10
52

5.1
5.9
4.9
5.1
5.6
5.4
5.6
5.5
5.6
5.2
5.2
5.0
5.5
5.4
5.9
6.3
6.1
5.2
6.0
5.4
5.2
5.2
5.4
5.8
5.6
6.4
5.0
6.1
5.1
6.3
5.3
5.1
5.1
5.4
5.4
5.1
5.6
5.1
5.7
6.1
5.8
5.8
5.4
5.2
5.6
5.3
5.4
5.4
5.9
5.1
5.4
5.8
5.4
5.8
5.6
5.6
6.0

-24.30 -70.55
-24.08 -70.08
-M.07 -72.23
11.66 -86.36

-30.91 -65.42
-21.79 -68.32

-5.62 -81.39
-49.98 - 115.23
-30.33 -71.59
-20.19 -70.71
-35.24 -106.68
-20.51 -70.61
-12.46 -76.73
-21.37 -68.38
-14.13 -76.08
-27.02 - 108.25
-26.97 - 108.20
-20.48 -68.74
17.56 -97.18

1.52 -85.30
-36.29 -97.24
15.76 -93.44

-28.87 -67.17
-.40.46 -73.10

-5.4O -105.02
-19.19 -70.14
-35.23 -103.95
-17.83 -71.08
-23.10 -68.57
-28.15 -70.89
23.85 -108.77

-20.15 -70.58
-37.27 -95.22

6.52 -82.55
-22.32 -68.36
-31.46 -70.73
-24.41 -69.10
- 14.97 -75.66

-9.19 -79.07
-0.96 -78.09
-1.08 -78.11

-18.22 -69.31
10.74 -85.94

-35.78 -101.02
-23.07 -68.12

0.91 -87.09
-23.10 -114.48
-21.14 -69.69
-28.73 -62.96
-25.88 -69.80
-6.98 -80.57

-22.84 -63.63
-22.07 -69.47
12.57 -86.98

-21.40 -68.26
-32.59 - 112.16
-28.08 -70.61
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1988
1988
1988
1988
1988
1988
1988
1988
1988

1
2
2
2
3
3
4
5
5

19
5
6

22
28
30
12
5
5

7
14
18
19
18
23
23
10
22

30
1
3
13
36
5O
19
4
32

29.7
2.2

53.6
17.4
26.4
56.2
57.3
13.5
48.1

21
33

285
71
10
37
54
10
10

6.3
6.2
6.0
5.9
5.7
5.8
6.1
6.1
5.5

-24.75 -70.60
-24.77 -70.37
-18.04 -66.96
-20.93 -69.80
-36.03 -102.81
-24.91 -70.41
-17.32 -72.40
-26.91 -113.39
-26.76 -113.70
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Model: Temperature variationsonly Variance reduction, %

Layer Viscosity
thickness structure AT ran2e total bathvm _¢oid SS-S
0-150 krn cvm 415 K 71 57 i2 76

0-150 km lvz 560 K 72 59 51 92
0-300 krn cvm 175 K 69 55 75 70

0-300 km lvz 285 K 66 63 28 96
0-650 km cvm 85 K 70 47 76 74

0-650 krn lvz 155 K 70 54 46 93

Model." Compositional variations only Variance reduction, %

Laycr Viscosity
thickness structure AMt,# ran_,e total bathym geoid SS-S
0-150 krn cvm 1.7 - 35 50 90 -12

0-150 krn lvz 2.7 23 69 52 -15
0-300 km cvm 0.7 37 44 95 -9
0-300 km lvz 2.0 23 23 4.4 7
0-650 km cvm 0.3 37 34 96 -6
0-650 km lvz 1.8 35 -6 69 25

Model: Thermal and compositional variations in same layer Variance reduction, %

Layer Viscosity AT AMg#

thickness structure range range total bathvm geoid SS-S
0-150 km cvm 525 K- 1.9 89 57- 90 100
0-150 km lvz 555 K 1.9 81 78 58 100
0-300 km cvm 275 K 1.1 89 51 94 100
0-300 km lvz 290 K 1.9 75 87 37 100
0-650 km cvm 140 K 0.6 89 43 95 100
0-650 km lvz 160 K 1.5 84 72 69 100

Model: Temperature variationsonly,high-ordergeoid Variance reduction, %

Layer Viscosity
thickness structure AT range total bathvrn _e,oid SS-S
0-150 km cvm 80 K- 30 18 62 27
0-150 km lvz 275 K 47 52 5 67
0-300 km cvm 35 K 29 12 78 22
0-300 km lvz 195 K 43 59 -10 55
0-650 km cvm 20 K 30 10 83 26
0-650 krn lvz 80 K 23 31 -46 56

cvrn = constant viscosity mantle
lvz = mantle with low viscosity zone
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FigureCapdons

Figure 4.1. Location map of the East Pacific Rise, after Macdonald [1989]. Spreading

centers, transform faults, propagating rifts, and overlapping spreading

centers are shown.

Figure 4.2. Distribution of earthquakes (triangles) and seismograph stations (circles)

used to measure SS-S differential travel times. Stations are from the GDSN

and GEOSCOPE digital arrays. Earthquakes are from the Harvard CMT

catalogue (generally mb > 5.0) from the years 1980-1988, and from a listing

of intraplate events from the years 1980-1987 (E. A. Bergman, personal

communication, 1991). Plate boundaries are from DeMets et al. [ 1990].

Lambert equal area projection with pole of projection at 5"N, -110"W.

Figure 4.3. Bathymetric map of East Pacific Rise and Cocos plate region, from

DBDB5C [U.S. Naval Oceanographic Office, 1985]. Contour interval

1000 m. Straight lines show location of profdes examined in this study.

Figure 4.4. Residual geoid map for East Pacific Rise and Cocos plate region, derived

from gridded altimetric data of Marsh et al. [1986] with the low order (to

degree and order 7, tapered to degree and order 11) portion of GEM-T2

reference field [Marsh et al., 1990] removed. Contour interval 2 m.

Straight lines show location of profiles examined in this study.

Figure 4.5. Map view of SS-S residualsrelative to PREM [Dziewonsld and Anderson,

1981], corrected for Earth ellipticity and seafloor bathymetry. Residuals are
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plotted at the SS bounce point. The size of each symbol scales linearly with

the magnitude of the residual. A mean of +4.15 s has been removed from

the data for plotting purposes. Negative residuals indicate early SS (or late

S). Plate boundaries are from DeMets et al. [1990]. Mercator projection.

Figure 4.6. (a) SS-S travel time residual versus square root of seafloor age. Each

plotted point represents the weighted n'_an of 25 adjacent data points.

Horizontal and vertical bars are standard errors of the means of the travel

time residuals and (age) 1/2. Linear regression yields a slope of -0.01 4-

0.08 s/(My) 1/2 for a 0- 50 My age range (solid line). Age dependence of

travel time residual predicted by the plate cooling model is shown as a

dashed line.

(b) SS-S travel time residual versus the square root of the age predicted by

the plate cooling model [Parsons and $clater, 1977] for the given depth.

Each plotted point represents the weighted mean of 25 adjacent data points.

Linear regression yields a slope of -0.26 4- 0.04 s/(My) I/2 for a 0-33 My

age range (solid line). Age dependence of a'avel time residual predicted by

the plate cooling model is shown as a dashed line.

Figure 4.7. (a) SS-S residual versus azimuth 0. Each plotted point represents the

weighted mean of 25 adjacent data points. The solid curve shows the best-

fitting 40 variation derived from these data.

Co)Age-corrected SS-S residual (see text) versus azimuth 0. Each plotted

point represents the weighted mean of 25 adjacent data points. The solid

curve shows the best-fitting 40 variation derived from these data.
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Figure 4.8. Map view of sampling azimuths. Lines indic, ate the wave path a,'_-nuth at

the SS bounce point. Mercator projection.

Figure 4.9. Map view of age_ted SS-S residuals. Residuals arc plotted at the SS

bounce point. The size of each symbol scales linearly with magnitude of the

residual.

Figure 4.10. Profde 1 across the East Pacific Rise south of the Paeifie-Cocos-Nazca

triple junction. (a) Seafloor age at SS bounce points. Data corresponding

to SS bounce points of"A" and "B" quality are designated by crosses. "if'

qualitydataaredesignatedby smalldots. The riseaxisismarked by a

straightline.(b)Bathymctry atSS bounce points(secFigure 4.3).(c)

Residual geoid at SS bounce points (see Figure 4.4). (d) SS-S travel time

residuals. (e) Age corrected geoid, using the method of Hager [1983]. (f)

Age corrected geoid, using the mc_ of Parsons andRichter [1980] (g)

Age corrected bathymctry, using the method of Parsons and Sclater [ 1977].

(h) Age corrected SS-S travel time residuals (see text). (i) High-order

of the geoid (GEM-T2 reference field to degree and order 10

removed). No age correction applied. The residuals shown in b - i are

weighted moving averages (such that each point is used twice) of 4 adjacent

data points.

Figure 4.11. Profile 2, across the Galapagos Spreading Center. Scc Figure 4.10 for

explanation. Location nearest present Galapagos hotspot marked with an

asterisk.
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Figure 4.12. Profile 3acrosstheEast Pacific Rise north of the Pacific-Cocos-Nazca triple

junction. See Figure 4.10 for explanation.

Figure 4.13. Profile 4 across the East Pacific Rise north of the Pacific-Cocos-Nazc, a triple

junction. See Figure 4.10 for explanation.

Figure 4.14. Results of combined inversion of geoid, bathymetry, and SS-S travel time

residuals for upper mantle temperature variations along Profile 2. The

viscosity structure is taken to consist of a 40-km-thick high-viscosity lid

overlying a constant-viscosity halfspace. Location nearest Galapagos

hotspot marked with an asterisk.

(a) Three solutions for lateral temperature variations: Dotted line:

Temperature tg'ma'bations constrained to be uniform over O-150 km depth.

Long-dashed line: Te_ perturbations constrained to be uniform

over 0-300 km depth. Short-dashed line: Temperature perturbations

constrained to be uniform over 0-650 km depth.

(b) Observed (solid line) and predicted profiles of SS-S travel time residual.

The "observed" profile is actually a filtered version of the observations,

containing only the wavelengths used in the inversion (850 to 5000 km).

Line types correspond to those of the temperature models.

(c) Observed and predicted geoid profiles. Same treatment as in (b).

(d) Observed and predicted bathymetry profiles. Same treatment as in (b).

Figure 4.15. Results of combined inversion of geoid, bathymetry, and SS-S travel time

residuals for upper mantle temperature variations along Profile 2. The

viscosity structure includes a zone extending from the base of the high-
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viscositylid to a depth of 200 km with a viscosity equal to 0.01 that of the

underlying mantle. Other aspects as in Figure 4.14.

Figure 4.16. Results of combined inversion of geoid, bathymetry, and SS-S travel time

residuals for variations in upper mantle composition (Mg#). The viscosity

structure is taken to consist of a 40-km-thick high-viscosity lid overlying a

constant-viscosity halfspac.e.

(a) Three solutions for lateral composition variations: Dotted line:

Composition perturbations constrained to be uniform over 0-150 km depth.

Long-dashed fine: Composition perturbations constrained to be uniform

over 0-300 km depth. Short-dashed line: Composition perturbations

constrained to be uniform over 0-650 km depth.

(b) Observed (solid line) and predicted profiles of SS-S travel time residual.

(c) Observed and predicted geoid profiles.

(d) Observed and predicted bathymetry profiles.

Figure 4.17. Results of combined inversion of geoid, bathymetry, and SS-S travel time

residuals for variations in upper mantle composition (Mg#). The viscosity

structure includes a zone extending from the base of the high-viscosity lid to

a depth of 200 km with a viscosity equal to 0.01 that of the underlying

mantle. Other aspects as in Figure 4.16.

Figure 4.18. Results of combined inversion of geoid, bathymetry, and SS-S travel time

residuals for both upper mantle temperature and composition variations.

The viscosity structure is taken to consist of a 40.kin-thick high-viscosity

lidoverlyinga constant-viscosity halfspace.
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(a) Three solutions for lateral te_ variations: Dotted line:

Composition perturbations constrained to be uniform over 0-150 km depth.

Long-dashed line: Composition perturbations constrained to be uniform

over 0-300 km depth. Short-dashed line: Composition perturbations

constrained to be uniform over 0-650 km depth.

(b) Three solutions for lateral composition variations: Dotted line:

Con'q_osition perua'bafions constrained to be uniform over 0-150 km depth.

Long-dashed line: Composition perua_tions constrained to be uniform

over 0-300 krn depth. Short-dashed line: Composition perturbations

constrained to be uniform over 0-650 km depth.

(e) Observed (solid line) and predicted profiles of SS-S travel time residual.

(d)Observed and predictedgeoid profiles.

(e) Observed and predicted bathymetry profdes.

Figure 4.19. Results of combined inversion of geoid, bathymetry, and SS-S travel time

residuals for both upper mantle temperature and composition variations.

The viscosity structure includes a zone extending from the base of the high-

viscosity lid to a depth of 200 km with a viscosity equal to 0.01 that of the

underlying mantle. Other aspects as in Figure 4.18.

Figure 4.20. Results of combined inversion of high-order geoid (see Figure 4.10i),

bathymetry, and SS-S travel time residuals for upper mantle temperature

variations along Prof'fle 2. The viscosity structure is taken to consist of a

40-km-thick high-viscosity lid overlying a constant-viscosity halfspace.

Other aspects as in Figure 4.14.
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Figure 4.21. Results of combined inversion of high-order geoid (see Figure 4.10i),

bathymetry, and SS-S wavel time residuals for upper mantle temperature

variations along Profile 2. The visca_ty structure includes a zone extending

from the base of the high-viscosity lid to a depth of 200 km with a viscosity

equal to 0.01 that of the underlying mantle. _ aspects as in Figure

4.15.
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Chapter 5

Conclusions

In this thesis we have examined lateral heterogeneity in the lithosphere and

asthenosphere beneath oceanic regions through a combined analysis of seismic body

wave differential travel times and attenuation, geoid anomalies, and residual depth

anomalies. Our focus has been to assess variations at the 1000 km scale, comparable to

the thickness of the upper mantle. We have examined the data to determine whether

convection on this scale can produce observable temperature and compositional

anomalies. We have developed an inversion technique which allows shear wave travel

time, geoid, and bathymetry data to be combined and jointly inverted for lateral variations

in upper mantle temperature and composition structure, and we have applied it to data sets

from both the north Atlantic and east Pacific.

Several general conclusions can be drawn from our study of SS-S differential travel

times. In the Atlantic, the SS-S travel time residual decreases linearly with square root of

age, in general agreement with the plate cooling model to an age of 80-100 My [Parsons

and Sclater, 1977]. In the Pacific, SS-S navel time residuals are only weakly correlated

with seafloor age, although this may be partially attributable to the fact that we do not

sample a large range of plate ages in the Pacific. The travel time - age correlation in the

Pacific is stronger ff rather than using the actual plate age we use the age predicted by the
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depthof the seafloor at the S$ bounce point, in the same sense as that predicted by the

lithospberic rejuvenation hypothesis [Menard and McNuu, 1982]. The Pacific travel time

residuals are significantly larger than the Atlantic data, even at a fixed age.

Azimuthal anisotmpy is not cle.m-ly resolved in the Atlantic but may be present in the

east Pacific. Although not conclusive, our east Pacific data are consistent with the

presence of anisotropy, with the fast axis of olivine oriented approximately parallel to the

absolute plate motion vector for the Cocos plate. It has been suggested that anisotropy

may be more pronounced at fast spreading rates than at slow spreading rates both in the

lithosphere (due to rate-dependence of the mechanism for orienting olivine crystals) and

in the asthenosphere (due to the flow regime), and our results are consistent with this

suggestion. There is substantial ambiguity in our Pacific anisotropy measurements,

however, due to a poor sampling of azimuths.

We have observed lateral variations in age-corrected SS-S residuals with a

dominant wavelength of 1000 to 2000 kin. Comparable variations are also observed in

bathymeu'y and geoid height. We have formulated a joint inversion of geoid, travel time,

and bathymetry for lateral variations in temperature and composition as a means to assess

more quantitatively the observed correlations. In the north Atlantic, inversion for

temperanue favors the presence of an upper mantle low viscosity zone and temperature

anomalies concentrated at depths less than 300 kin. We are unable to match travel time

residuals simultaneously with geoid and bathymetry solely with lateral variations in bulk

composition (Mg#). Joint inversions for texture and composition provide good fits

to both u'avel time and and geoid regardless of viscosity structure or layer depth and

thickness, but the best fits to bathymetry come from models with a low-viscosity zone

and thermal or compositional variations confined to shallow depth. The variations in

Mg# predicted in the joint inversion for temperature and composition are comparable to

those found by Michael and Bonaui [1985] in a study of dredged peridotites along the
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Mid-Atlantic Ridgeandmayberelatedto variations in melt production along the ridge. In

the Pacific we applied the inversion techniques to a n_-south profile orthogonal to the

Galapagos spreadingcenter.In thisregionwe alsofindthatcompositionalvariations

alone are inadequate to produce good fits to travel time and geoid and bathymetry

simultaneously. Temperature variations alone, however, produce significant variance

reduction. The models predict excess temperatur_ in the vicinity of the Galapagos hotspot

in the range 50 to 150 K.

As a complement to the travel time studies, we also measured SS-S differential

attenuation in the north Atlantic region. As with the travel time residuals, we find that St*

decreases with increasing seafloor age. We do not observe evidence for a narrow region

of very low Q lying beneath the Mid-Atlantic Ridge as reported by So/omon [1973],

although this may be due to the limited spatial resolution of the long-period shear waves

utilized in our study. We derive empirical Q'l-temperatm'e relations by predicting &* as a

function of lithospheric age by means of the plate cooling model [Parsons and Sclater,

1977]. We find that our &* variations versus age are well fit with a simple Q-temperature

relation, but the relation generally predicts smaller variations in Q'I for a given

temperature change than the laboratory-derived Q-temperature relation of Sato and Sacks

[1989]. Along-axis &* profiles are constructed by combining the temperature variations

along the axis of the Mid-Atlantic Ridge derived in Chapter 2 and the empirical Q-

temperature relation derived for the lithosphere.

The techniques developed in this thesis should be of general utility for both global

and regional studies of the upper mantle. The Hawaiian hotspot would be an interesting

new area in which to apply these inversion techniques. Mid-plate swells have been

hypothesized to result from several effects, including elevated temperature in the

conveeting mantle [Sandwell and Poehls, 1980], thermal expansion within the conducting

portion of the lithosphere [Crough, 1978; Derrick and Crou&h, 1978; Menard and
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McNua, 1982], and underplating of the Lithosphere with depleted mantle material

[Jordan, 1979]. Each of these processes involves a different source of the anomaly

causing the swell, and each predicts a correspondingly different geophysical signature.

The methods proposed here, which distinguish between thermal and compositional

mechanisms, offer great promise for distinguishing between these competing models.

Woodward and Masters [ 1991 ], for instance, have observed negative SS-S travel time

residuals with SS bounce points in the vicinity of the I-Iawai/an swell, a result which

would favor a lateral variation in composition in the upper mantle beneath the swell.

Application of these techniques and measurements to a global travel time data set

will allow general constraints to be placed on upper mantle viscosity structure, the

presence of partial melt, and the mechanism of lateral heterogeneity. The viscosity

structure of the mantle is poorly known yet plays a key role in models of mantle

convection. The viscosity structures we employ in this thesis are quite simple but have

been chosen to represent two models widely invoked in other studies - a constant or

nearly constant viscosity mantle [e.g., Peltier, 1989] and a mantle with a thin low

viscositylayer[e.g.,Craig and McKenzie, 1986; Robinson etal.,1987]. The viscosity

structureof theEarth may be temperann'eand pressure-dependentor vary laterally,but

we have not considered viscositystructuresof thistype [e.g.,Revenaugh and Parsons,

1987]. Much work remains tobe done todetermine ways toincorporatelateralvariations

in viscosityintoquantitativetreatmentsof theseproblems.

Severalotherimprovements could be made infuturestudiesof thetype presented

here. Our models thusfarhave been limitedtosimplyparameterizedone-dn'nensional

variationsintemperatme and composition withina single layer.Itislikelythatthese

lateralvariationsarenot constantwithina given layerand thatthereare two-dimensional

lateralvariationsindependentof lithosphericaging. The techniquesoutlinedinthisthesis

can be generalizedto a mulfilayersystem and to two-dimensionalwavenumber, although
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we feel that an m_dly dens_ distribution of seismic data would be necessary to justify

these more complicated models. Kernels for seismic surface waves are strongly peaked

in the upper mantle, and such data would provide a useful consuaint independent of

differential body wave travel times. The inclusion of surface wave data would help to

distinguish between lithospheric and asthenospheric effects and may allow for two or

more layers to be independently resolved. Extension of the modelling to three

dimensions would permit an assessment of the degree to which mantle anomalies beneath

the ridge extend off axis. Implicit in our age-correction is the assumption that the

anomalous properties of the ridge mantle are steady state on a time scale of tens of

millions of years. Examination of the cross-axis profiles in the east Pacific suggests that

this assumption might not always hold.

We have not modelled the effects of partial melting which could accompany the

temperature variations we predict. The effect of retained melt on the physical properties

of the mantle depends critically on the melt fraction and geometry, characteristics

presently poorly known. Sato et al. [1988, 1989] downplay the importance of partial

melt and suggest that most mantle seismic velocity anomalies can be explained by

temperanne variations at subsolidus conditions. Our attenuation measurements can also

be explained with a thermal mechanism. Combined analysis of compressional as well as

shear wave differential travel times and attenuation may help to resolve whether

significant partial melting is required to explain the travel time residuals in the oceanic

upper mantle.

Further analysis of the East Pacific Rise data set is warranted to refine the

conclusions from that study. We hope to improve our azimuthal distribution of data by

obtaining seismograms from new stations which have begun operaling only recently.

Since we have gathered data only through 1987, there is currently considerable data to

which we have not yet obtained access. Sampling at a more uniform distribution of
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azimuths should make our conclusions regarding anisou'opy in the region less

ambiguous, and as more seismic stations arc deployed at new locations our chances of

resolving this issue improves. Additional data would also be of use in extending the

analysis of age dependence to older lithosphere, and would be of use in attempts to assess

furtherwhy theupper mantle inthecastPacificregionisslowerthan inthe northAtlantic.

The dam from the Cocos platoshow inmmsling small-scale(_.from 800 to 1200

kin)pa_erns which might be bestexamined intwo dimensions. We may finditnecessary

torefinethe numericaltechniquesforobtainingkernelsatthe smallerwavelengths,

however, as we employ a predictor-c.am'ectoralgorithmwhich becomes unstablewhen the

derivativeof thekernelsapproaches zero (asisthecase forgvoid kernelsatshort

wavelength fora mantle with a thinlow viscosityzone).

Other complicating factors for the East Pacific Rise study include the effect of the

subduction zone along the Middle America Trench and possible crustal thickness

variations in the eastern _s plato. Crustal thickness variations can be removed from

thebanhyrnctryand thegcoid by simpleisosmticmass balance,and from thetraveltime

residuals by calculating the additional delay due to excess crust relative to an equivalem

thickness of mantle. The predicted slab effect can presumably be removed from the low-

order geoid in the manner of Hager [1984]. The effect of the slab on the differential

travel times is more difficult to assess.

An attenuation study in the east Pacific would be a natural extension of this

work, as the relevant seismograms have already been collected for the travel time study in

Chapter 4. From their study of Rayleigh wave phase propagation, Canas and Mitchell

[1981] found that the east Pacific region has lower Q than the Atlantic. An analysis of

body wave differentialanenuation,with horizontalresolutionsuperiortothatachievable

with surfacewaves, would constitutean interestingcomplen_nt toour navel time

analysis.Inanother study$ch/ue [1981]examined differentialattenuationbetween theS
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and SS phases with SS bounce points in a small area close to our Profile 1 of Chapter 4.

The results of the Schlue [1981] suggested that Q-1 does not decrease with age, at least in

the small range of plate ages (0-15 My) that were included in his study.

In conclusion, we feel that the procedures developed in this thesis represent an

important first step towards the discrimination of the global extent and mechanism of

lateral heterogeneity in the upper mantle on a regional (1000 to 4000 kin) scale.
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Appendix II. SS-S Relative Attenuation (St*) Values for the North Atlantic Region

Origin time
Stn Yr Mo I_ Fir Mn Sec DeO
GRFO 80 6 25 I2:4:56.9 151.1
GRFO 80 7 26 12:53:40.7
ZOBO 80 10 10 12:25:23.5
ZOBO 80 10 10 15:39:9.8
7-.Oi30 80 10 13 6:37:39.2
GRFO 80 11 26 17:35:39.1
BOCO 80 12 5 13:32:5.9
KONO 81 4 22 23:16:54.1
SC'P 81 7 7 21:10:57.7
SCP 81 8 13 2:58:11.2
GRFO 81 10 18 4:31:2.7
KEV 81 11 28 19:24:5.6
KONO 81 12 6 14:54:29.6
SCP 82 1 3 14:9:50.4
BE.R 82 1 30 2:35:11.0
TOL 82 4 6 19:56:53.7
ANMO 82 4 10 9:47:4.4
130(20 82 5 2 7:12:44.5
KONO 82 5 10 1:25:56.8
SOP 82 8 12 8:41:50.5
ANMO 82 8 12 8:41:50.5
GAC 82 10 1 5:35:47.3
ZOBO 82 12 22 15:40:13.3
GAC 83 1 17 12:41:29.3
RSNT 83 1 17 12:41:29.3
RSON 83 1 17 12:41:29.3
COL 83 1 17 12:41:29.3
RSCP 83 I 17 12:41:29.3
GAC 83 1 19 0:2:13.6
RSCP 83 1 19 0:2:13.6
RSNY 83 3 19 21:41:44.3
GAC 83 3 19 21:41:44.3
RSCP 83 3 19 21:41:44.3
RSCP 83 3 24 4:17:31.6
BF_.R 83 3 31 13:12:52.3
KONO 83 4 10 1:16:5.8
GRFO 83 4 11 8:18:10.3
BCAO 83 4 11 8:18:10.3
TOL 83 5 9 15:53:2.7
KONO 83 5 12 10:51:49.6
KEV 83 5 12 10:51:49.6
RSCP 83 5 14 23:13:46.5
GRFO 83 5 20 17:40:14.4
GAC 83 7 14 2:54:18.6
RSNY 83 8 6 15:43:52.6
RSCP 83 8 6 15:43:52.6
SCP 83 10 13 13:6:38.2
RSSD 83 10 13 13:6:38.2
GRFO 83 10 13 23:27:33.2
RSON 83 10 13 23:27:33.2
SC'P 83 10 21 20:34:49.1
SCP 83 10 30 4:12:27.7
TOL 83 11 22 14:20:58.8

15.0
I0.I
I0.0
15.0
40.0

15.0
15.0
I0.0
18.0
26.0
15.0
IO.O
10.0

34.6
42.6

15.0
15.0
79.8
10.1
10.1
16.0
15.0
10.1
10.1
10.1
10.1
10.1
15.0
15.0
65.0
65.0
65.0
25.0
56.8
15.0
19.2
19.2
11.0
10.1
10.I
15.0
15.0
25.0
10.0
10.0
10.0
I0.0
10.0
10.0
15.0
11.6
35.2

Epicenter Bouncepoint
mb Lat Long Dist Lat Long Azim &*grade
5.7 4.70-75.35 84.2 34.43 -43.80 51.8 0.8 A
5.2 7.47 -33.89 56.4 30.43 -16.33 39.3 1.8 A
6.5 36.25 1.36 83.8 12.07 -36.84 228.4 11.1 B
6.2 35.72 1.31 83.5 11.76 -36.72 228.8 8.7 A
5.2 36.53 2.07 84.4 12.30 -36.59 228.4 1.1 A
5.0 7.96-72.64 80.0 35.97 -41.46 53.2 3.1 C
5.0 35.87 1.68 75.8 24.96 -40.75 243.1 0.8 C
5.1 7.25 -36.06 62.6 35.36 -21.04 29.8 1.3 A
5.7 -0.07-18.59 67.2 23.05 -43.72 309.8 3.7 B
5.5 44.86 17.33 65.9 53.95 -32.31 265.4 0.9 C
5.4 8.45-72.81 79.8 36.31 -41.50 53.5 0.5 A
5.1 24.22-45.19 61.3 51.56 -27.27 33.5 2.1 A
5.5 8.25 -38.25 62.6 36.09 -22.51 31.2 2.1 C
5.8 -0.96-21.83 65.6 22.26 -45.63 311.7 0.0 C
6.0 16.71-61.47 64.2 43.00 -40.02 41.5 4.5 C
5.9 13.79-91.95 79.7 34.89 -54.55 67.5 3.9 C
5.0 7.61-35.81 69.8 25.46 -67.28 295.1 3.8 B
5.4 44.01-28.97 55.7 26.01 -55.33 223.2 3.3 B
5.3 10.50 -62.56 72.0 40.00 -39.90 40.6 3.9 C
5.2 -1.13-24.34 64.0 21.94 -47.10 313.0 1.9 C
5.2 -1.13 .24.34 g4.2 21.88 -60.46 298.3 4.6 A
5.0 -1.03-15.35 70.4 25.27 -39.54 314.6 8.5 C
5.3 46.25-27.54 72.2 15.92 -51.27 208.3 1.1 B
6.0 38.13 20.38 67.5 53.20 -23.77 278.5 3.9 A
6.0 38.13 20.38 73.4 69.42 -14.97 310.1 2.3 B
6.0 38.13 20.38 74.2 60.68 -27.05 285.6 4.3 A
6.0 38.13 20.38 76.9 75.88 7.28 343.2 9.5 A
6.0 38.13 20.38 79.6 51.23 -33.84 267.5 3.5 A
5.1 37.88 20.90 68.0 53.22 -23.37 278.8 4.7 A
5.1 37.88 20.90 80.1 51.27 -33.45 267.8 3.1 A
5.6 34.75 24.89 72.5 51.90 -19.67 280.7 2.3 C
5.6 34.75 24.89 72.5 52.70 -19.37 282.0 3.8 C
5.6 34.75 24.89 84.6 51.02 -29.53 271.1 5.6 C
5.3 38.58 20.54 79.5 51.51 -33.97 267.0 1.0 C
5.4 2.45-76.81 84.0 37.69 -52.33 38.5 3.5 C
5.2 16.48-46.45 59.0 41.19 -27.80 38.7 3.8 B
6.0 10.08 -62.61 71.9 35.38 -34.55 52.3 1.4 B
6.0 10.08 -62.61 80.5 9.52 -21.74 94.4 2.0 A
5.5 8.06-82.87 76.3 29.78 -49.42 62.3 5.5 B
5.6 17.04 -46.52 58.6 41.49 -27.80 39.0 7.5 A
5.6 17.04-46.52 68.4 48.08 -29.05 30.8 3.2 B
5.0 38.06 20.55 79.8 51.25 -33.72 267.6 6.1 A
5.2 18.32-70.20 70.8 41.30 -38.75 59.0 3.8 C
5.2 36.51 21.37 69.2 52.65 -22.49 280.1 2.7 C
6.3 39.89 24.66 69.0 54.43 -22.44 275.3 1.1 A
6.3 39.89 24.66 81.2 53.52 -32.82 265.6 3.8 B
5.6 -0.66-21.73 65.4 22.43 -45.58 311.5 2.3 B
5.6 -0.66-21.73 84.9 27.65 -54.71 306.1 3.2 C
5.3 7.25-34.35 56.9 30.35 -16.63 39.5 0.0 B
5.3 7.25 -34.35 65.3 32.38 -56.80 315.3 1.3 C
5.1 40.54 30.05 75.9 55.59 -23.73 270.3 2.0 C
6.1 40.47 42.05 82.4 59.74 -17.66 270.4 2.8 A
6.3 0.31-79.99 79.0 24.75 -47.94 56.8 5.4 A
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Origin time
Stn Yr Mo Da HrbinSec
RSSD 83 12 22 4:11:29.3
ANMO 83 12 22 4:11:29.3

10.0
10.0

SCP 84 2 11 8:2:50.0 15.0
TOL 84 2 26 8:18:16.6 115.6
KEV 84 3 20 17:19:6.4 10.0
BER 84 3 30 7:59:53.6 10.0
GAC 84 4 22 6:14:21.7 10.0
GAC 84 5 6 9:12:1.7 10.0

GAC 84 6 21 10:43:40.5 34.3
RSCP 84 6 21 10:43:40.5 34.3
NE13 84 6 24 ll:17:12.0 16.4
TOL 84 6 24 11:17:12.0 16.4
GRFO 84 6 25 18:45:10.3 42.0
GAC 84 7 19 5:22:15.7 10.0

GDH 84 7 19 5:22:15.7 10.0
RSON 84 8 30 20:12:59.7 10.0
ANMO 84 8 30 20:12:59.7 10.0
GAC 84 l0 21 3:51:47.0 10.0
KONO 84 11 1 4:48:49.9 10.0
ANMO 84 11 l 4:48:49.9 10.0

GAC 84 ll 5 4:17:32.9 10.0
GAC 84 12 5 13:39:23.6 10.0
SCP 84 12 8 12:24:41.9 10.0
RSON 84 12 8 12:24:41.9 10.0
RSSD 84 12 8 12:24:41.9 10.0
ANMO 84 12 20 23:31:18.0 10.0
KONO 85 1 l0 17:47:56.1 10.0
KEV 85 1 l0 17:47:56.1 10.0

NEI6 85 3 16 14:54:1.1 14.0
NE06 85 3 16 14:54:1.1 14.0
GRFO 85 3 16 14:54:1.1 14.0
ANTO 85 3 16 14:54:1.1 14.0

GRFO 85 4 20 18:23:48.2 12.3
RSNY 85 6 4 12: 6:3.6 10.0

ZOBO 85 6 5 1:41:42.3 14.5
RSNY 85 6 6 2:40:12.8 10.0

TOL 85 6 l0 3:23:31.8 26.0
BCAO 85 6 26 17:10:1.9 26.6
ANTO 85 6 26 17:10:1.9 26.6
GAC 85 7 l 9:53:36.1 10.0
RSON 85 7 1 9:53:36.1 10.0
RSNY 85 7 22 21:32:27.9 15.0

RSON 85 9 22 18:23:12.2 10.0
RSNY 85 9 23 17:28:41.8 10.0
RSNY 85 9 27 16:39:48.6 43.8

10.0
10.0
10.0
10.0
10.0
I0.0

I0.0

I0.0

I0.I

I0.I

ANTO 85 10 5 15:24:2.2
SCP 85 10 12 22:20:37.6
ANMO 85 10 12 22:20:37.6
RSON 85 l0 27 19:34:57.0
GAC 85 11 10 12:39:50.8
RSON 85 11 10 12:39:50.8
RSSD 85 11 10 12:39:50.8

KEV 85 11 10 12:39:50.8
GAC 85 11 21 21:57:14.9

RSNT 85 11 21 21:57:14.9

Epicenter Botmcepoint

mb Lat Long Dist Eat Long Azim &*
6.4 12.02-13.64 82.0 36.79 -50.04 297.6 3.3 B
6.4 12.02-13.64 85.5 32.10 -54.74 288.4 5.3 C
5.3 38.11 21.86 72.6 51.92 -26.67 272.9 4.0 C
5.9 -17.31 -70.65 84.1 13.14 -41.69 44.1 2.8 C
5.1 10.75 -41.96 72.8 44.28 -25.70 27.7 4.2 B
5.8 17.65-59.84 62.6 43.30 -38.72 41.5 1.3 B
5.8 -0.14-19.59 67.0 25.32 -42.14 315.8 1.0 B
5.0 38.66 25.57 70.2 54.88 -21.07 277.9 -0.3 C
5.7 35.74 23.80 71.2 52.93 -20.70 280.9 6.2 C

5.7 35.74 23.80 83.3 51.15 -30.87 269.9 8.6 C
6.0 18.09-69.23 59.7 32.61 -40.27 68.0 1.5 B
6.0 18.09 -69.23 59.7 33.26 -40.56 66.7 2.5 A
5.1 18.13 -69.35 70.3 40.98 -38.31 58.7 1.5 B
5.4 -6.68-12.48 76_5 22.44 -37.87 316.4 7.7 A
5.4 -6.68-12.48 80.9 32.53 -22.93 343.8 7.5 B

5.0 7.19-33.72 65.7 32.42 -56.39 315.1 3.4 A
5.0 7.19 -33.72 71.8 25.51 -66.08 294.9 2.4 B
5.1 -6.71-12.38 76.6 22.44 -37.81 316.4 1.3 B
6.5 8.36 -38.82 62.7 36.20 -22.90 31.5 1.7 A
6.5 8.36-38.82 66.9 25.49 -69.04 295.3 0.9 C
5.1 -11.54 -13.79 79.4 19.60 -38.91 319.3 3.5 A

5.1 -0.46-13.36 71.2 25.81 -38.31 313.5 2.6 C
5.7 -0.86-22.95 64.7 22.21 -46.29 312.2 3.5 C
5.7 -0.86 -22.95 78.6 29.44 -49.20 315.6 5.7 B
5.7 -0.86-22.95 84.2 27.32 -55.49 306.5 6.7 B
52 6.94-33.32 72.2 25.42 -65.83 295.0 2.0 B
5.8 10.83 -43.44 62.6 37.93 -26.02 34.6 2.6 A
5.8 10.83 -43.44 73.2 44.50 -26.91 28.1 3.7 A
6.2 17.10 -62.34 60.9 35.86 -35.35 59.1 8.5 C
6.2 17.10 -62.34 62.3 38.29 -36.30 54.4 2.9 C
6.2 17.10-62.34 66.5 39.16 -33.77 56.6 5.8 B
6.2 17.10 -62.34 83.1 38.60 -21.61 70.5 7.3 C
5.6 _01-77.35 82.3 37.59 -44.56 54.5 3.5 A
5.1 38-19.07 66.0 24.79 -41.76 314.8 2.4 A
5.1 56.72-34.72 77.9 20.99 -56.09 198.6 4.8 C
6.3 1.00-28.08 59.7 24.49 -47.18 318.8 4.0 C
5.6 3.24-78.99 76.4 26.34 -47.28 58.3 1.4 C
5.6 19.25-64.73 82.2 15.67 -21.74 101.4 2.0 C
5.6 19.25 -64.73 83.5 40.50 -22.72 72.1 6.1 C

5.0 1.13-26.48 61.7 25.37 -46.34 318.4 5.0 C
5.0 1.13-26.48 74.9 30.07 -51.55 315.7 1.7 C
5.4 34.16 28.40 75.0 52.65'-17.70 280.9 4.3 B
5.7 12.46-44.47 55.2 34.01 -63.46 316.6 0.7 B
5.2-18.00-13.75 83.3 15.24 -39.34 321.7 5.0 C
5.5 34.05 26.94 74.2 52.15 -18.39 281.1 0.7 B

6.5 62.53-123.93 76.2 75.73 4.81 144.2 2.8 C
5.3 0.99-29.15 59.2 22.69 -49.92 314.0 1.1 C
5.3 0.99-29.15 79.0 22.49 -63.27 298.0 7.5 C
5.5 36.46 6.87 68.7 55.92 -35.15 286.7 7.1 A

5.2 4.57-31.96 55.7 26.73 -49.69 319.4 2.2 B
5.2 4.57-31.96 68.9 31.23 -55.18 315.9 6.8 C
5.2 4.57-31.96 74.0 29.06 -61.25 305.7 3.6 A
5.2 4.57 -31.96 75.3 40.02 -17.80 23.6 1.2 C
5.4 41.49 19.69 65.0 54.67 -25.68 274.9 2.6 B
5.4 41.49 19.69 70.1 70.79 -18.08 306.6 7.7 C
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Origin time
Stn Yr Mo Da HrMnSec
ANTO 85 12 23 19:37:54.8
GDH 85 12 24 4:13:21.2
KONO 86 2 12 23:41:38.5
GAC 86 3 6 0:5:38.3
RSON 86 3 6 0:5:38.3
RSNT 86 5 5 3:35:38.8
NE16 86 5 7 20:43:32.6
NE16 86 5 7 22:47:10.2
NE10 86 5 7 22:47:10.2
RSON 86 5 13 8:44:2.0
RSSD 86 5 21 1:45:24.8
GAC 86 5 22 19:52:19.5
RSNY 86 5 22 19:52:19.5
GRFO 86 6 9 2:17:38.3
NEI3 86 6 11 13:48:3.3
TOL 86 6 11 13:48:3.3
NEll 86 6 11 13:48:3.3
BCAO 86 6 11 13:48:3.3
RSCP 86 6 15 23:58:44.1
RSON 86 6 ,7 8:48:18.6
WFM 86 6 24 6:56:53.0
RSNY 86 6 24 6:56:53.0
GAC 86 6 24 6:56:53.0
RSCP 86 6 24 6:56:53.0
GAC 86 7 10 6:53:4.3
RSON 86 7 10 6:53:4.3
RSSD 86 7 10 6:53:4.3
GRI_ 86 7 18 17:22:41.6
GRF-O 86 8 7 22:32:50.9
GAC 86 9 13 17:24:33.7
RSNT 86 9 13 17:24:33.7
ANMO 86 9 20 1:31:14.0
RSNY 86 10 2 10:12:39.8
ZOBO 86 10 27 0:9:31.9
KONO 86 10 27 14:11:58.0
GAC 86 12 7 14:17:10.5
ZOBO 86 12 8 3:3:26.1
GRFO 87 1 13 13:23:59.7
GRFO 87 1 13 19:30:.10.9
GDH 87 2 1 6:56:1.2
NE14 87 3 6 4:10:41.9
GAC 87 3 12 23:10:31.4
GAC 87 4 14 0:13:13.1
SCP 87 5 5 10:.50:55.3
GAC 87 5 5 10:50:55.3
GDH 87 5 5 10:50:55.3
GAC 87 7 28 1:44:9.7

10.0
10.0
15.0
35.0
35.0
15.0
23.1
31.3
31.3
15.0
15.0
33.2
33.2
49.5
20.0
20.0
20.0
20.0
15.0
15.0

15.0
15.0

15.0
15.0
15.0
15.0
15.0
15.0
15.0
15.0
15.0
15.0
15.0
15.0
15.0
15.0
15.0
15.0
15,0
15.0
15.0
15.0
15.0
15.0
15.0
15.0
15.0

Epicenter Bouncepoint
mb Lat Long Dist Lat Long Azim &*
5.5 62.24-123.9576.5 75,81 4.32 143.6 9.4 B
5.0 7.53-33.88 63.0 38,65 -39.01350.2 2,3 A
5.2 17.30-62.4166.1 43,78 -39.03 44.2 1.6 A
62. 40,33 51.60 82.1 64.38 -6,78 277,1 5.3 B
6.2 40.33 51.60 84.2 73.02 -4.11 289.4 6.6 B
5.8 37.72 37.70 77.7 73.68 8.39 321.7 2.4 C
6.1 51.60-174.6583.0 87.01 -15.01 160.9 2.5 A
6.5 51.33-175.4383.3 87.69 -12.41 163.8 3.4 B
6.5 51.33-175.4385.9 85.29 -29.17 149.2 6.2 C
5.6 41.03 43.92 81.3 70.26 -II.96285.8 4.3 A
52. 14.90-20.02 75.5 37.05 -54.45296.6 6.3 B
5.1 34.12 26.72 74.0 52.94 -18.29282.4 0.9 B
5.1 34.12 26.72 74.1 52.13 -18.61281.0 0.5 A
5.0 54.59-168.1076.1 88.50 1,47 169.9 1.4 B
6.0 10.70-62.93 59.1 27.77 -37.23 59.9 6.2 B
6.0 10.70-62.93 59.4 28.41 -37.48 58.6 0.6 B

6.0 10.70-62.9361.7 29.75 -36.91 57.4 3.2 C
6.0 10.70-62.9380.8 9.94 -21.85 94.8 2.8 B
5.0 1.16-26.46 64.5 20.87 -52,67304.1 4.4 C
5.4 4.55-32.55 68.5 31,15 -55.56316.1 1.4 C

5,7 0,53-17.41 63.9 23,86 -40,00313,4 3,4 C
5.7 0.53-17.41 66.8 25.19 -40.74313.8 4.4 B
5.7 0.53-17.41 67.8 25.91 -40.81314.5 6.9 B

5.7 0.53 -17.4172.0 21.44 -47,49301.4 10.2A
5.4 4.31-32.49 55.6 26.56 -50.00319.9 6.3 A
5.4 4.31-32,49 68.8 31.03 -55.52 316.2 7.1 A
5.4 4.31-32.49 73.8 28.83 -61.57306.0 5.9 B
5.8 10.84 -69.2475.7 36.97 -38.90 54.2 1.2 B
5.4 7.53-81.06 85.8 37.55 -47.27 54.3 1.0 C
5.8 36.80 22.64 69.8 53.15 -21.91 279.8 3.9 C
5.8 36.80 22.64 75.3 69.40 -II.53312.3 3.9 B
5.4 0.72-29.00 79.3 22.34 -63.18 298.2 1.6 B
5.3 34.65 29.16 75.2 53.13 -17.46 280.5 7.1 B
5.3 46.06-27.27 72.2 15.83 -51.12208.5 3.2 C
5.2 7.26-36.20 62.7 35.38 -21.13 29.8 1.5 B
5.1 43.01 26.01 67.5 57.08 -23,10273.2 3.9 A
5.1 47.72-27.70 73.2 16.68 -51.61207.3 1.4 C
5.5 5.68-78.90 85.8 35.99 -45.85 53,0 5.0 B
5.3 5,87-78,86 85,6 36.10 -45.81 53.1 1.0 B
5.6 0.55-17.47 72.7 35.92 -26.67344.3 1.3 B
6.5 -0.06-77.8477.5 22.76 -45.63 58.5 2.2 B
5.4 0.36-17.81 67.7 25.77 -41.04314.8 6.4 C
5.3-14.96-14.74 81.5 17.59 -39.72321.2 3.6 C
5.0 -0.11-18.7867.1 23.01 -43.84309.9 3.6 A
5.0 -0.11-18.7867.5 25.42 -41.65315.5 4.3 A
5.0 -0.11-18.7873.1 35.50 -27.66344.9 5.0 A
5.0 1.02-25.62 62.3 25.39 -45.83318.0 0.6 A

= DifferentialauenuationbetweentheS and SS phases
Od_¢ al_mviations as m Appendix I
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